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ABSTRACT

INVESTIGATION OF THE QUATERNARY
STRUCTURE OF AN ABC TRANSPORTER IN
LIVING CELLS USING SPECTRALLY
RESOLVED RESONANCE ENERGY TRANSFER

by
Deo Raj Singh

The University of Wisconsin-Milwaukee, 2012
Under the Supervision of Professor Valerica Raicu

Forster resonance energy transfer (FRET) has become an important tool to study proteins
inside living cells. It has been used to explore membrane protein folding and dynamics,
determine stoichiometry and geometry of protein complexes, and measure the distance
between two molecules. In this dissertation, we use a method based on FRET and optical
micro-spectroscopy (OptiMiS) technology, developed in our lab, to probe the structure of
dynamic (as opposed to static) protein complexes in living cells. We use this method to
determine the association stoichiometry and quaternary structure of an ABC transporter
in living cells. Specifically, the transporter we investigate originates from the pathogen
Pseudomonas aeruginosa, which is a Gram-negative bacterium with several virulence
factors, lipopolysaccharides being one of them. This pathogen coexpresses two unique
forms of lipopolysaccharides on its surface, the A- and B-bands. The A-band

polysaccharides, synthesized in the cytoplasm, are translocated into the periplasm


http://www.google.com/search?hl=en&&sa=X&ei=FkijTOaAEcKC8gbQidHqCg&ved=0CB8QBSgA&q=Pseudomonas+Aeruginosa&spell=1

through an ATP-binding-cassette (ABC) transporter consisting of a transmembranar
protein, Wzm, and a nucleotide-binding protein, Wzt. In P. aeruginosa, all of the
biochemical studies of A-band LPS are concentrated on the stages of the synthesis and
ligation of polysaccharides (PSs), leaving the export stage involving ABC transporter
unexplored. The mode of PS export through ABC transporters is still unknown. This
difficulty is due to the lack of information about sub-unit composition and structure of

this bi-component ABC transporter.

Using the FRET-OptiMiS combination method developed by our lab, we found
that Wzt forms a rhombus-shaped homo-tetramer which becomes a square upon co-
expression with Wzm, and that Wzm forms a square-shaped homo-tetramer both in the
presence and absence of Wzt. Based on these results, we propose a structural model for
the double-tetramer complex formed by the bi-component ABC transporter in living
cells. An understanding of the structure and behavior of this ABC transporter will help

develop antibiotics targeting the biosynthesis of the A-band LPS endotoxin.
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Overview

In 1946, T. Forster (1) gave the correct quantum mechanical explanation of energy
transfer between an optically excited molecule (donor) and an unexcited one (acceptor) in
a solution. His breakthrough discovery was based on the earlier works of J. and F. Perrin
(2, 3), who unfortunately failed to predict the correct dependence of the transfer
efficiency on the distance between the two molecules. Forster was originally motivated
by the lack of understanding of the mechanism through which energy is transferred in
photosynthesis, a process through which plants and other organisms convert light energy
into chemical energy to accomplish biological activities. One known fact was that the
number of photons that strike the surface of plant leaves is much larger than the number
of reaction centers in the leaf where the photosynthetic electron transfer reactions take
place. A reaction center is a complex formed by many proteins, and light-absorbing
pigments to execute the primary energy conversion reactions of photosynthesis. It was
long thought that the energy of photons randomly diffused on the whole surface area of
leaves, which is large compared to the reaction centers. This diffused energy is captured
by the reaction centers. However, the exact mechanism of energy transfer in
photosynthesis was not understood until the theory of energy transfer due to Forster was
developed. In leaves, light harvesting complexes surround the reaction centers. When the
photons are absorbed by these complexes, the electron goes into an excited state and
energy is transferred non-radiatively to the molecule present in reaction center through

dipole-dipole coupling. The theory Forster developed — known as Férster Resonance



Energy Transfer — in terms of parameters that can be derived experimentally,

quantitatively explained the energy transfer phenomenon including photosynthesis.

Forster resonance energy transfer (FRET) was subsequently used in research in
biophysics and in biochemistry to determine the distances and conformational changes,
and it has now become an important tool in biological research. When used in
conjunction with fluorescent tags attached to macromolecules of interest, FRET
effectively increases the resolution of optical microscopes from ~ 0.3um to less than 5
nm. In this way, FRET enables one to visualize the interactions within a nanometer range

which makes it an excellent tool to study molecular interaction in living cells.

In this dissertation, I describe my research on an important problem of protein-
protein interactions in living cells, using experimental measurements based on FRET
imaging, as well as numerical simulations and theoretical modeling of the experimental
results. The dissertation is divided into seven chapters, each of which is briefly

summarized below.

Chapter 1 begins with introduction of the physical processes of fluorescence and
fluorescence resonance energy transfer (FRET). Then, the dependence of FRET on
distance between two fluorescent molecules, also called fluorophores, and on the
orientation of the dipoles associated with two fluorophores is discussed. Further, the

naturally occurring fluorescent proteins and their variants that are used to tag the protein



of interest to study many biological processes in living cells are discussed briefly.
Different combinations of these proteins are used as FRET pairs in FRET microscopy.
Moreover, the challenges in FRET microscopy and different techniques for measuring
FRET are discussed. In addition, an overview of the literature on the applications of

FRET to biophysical and biological studies is presented.

In chapter 2, a historical overview of energy transfer between the two dipoles is
presented. The classical derivation of energy transfer due to Perrin is given. The
modifications by Forster of Perin’s theories that led him to predict the correct rate of
energy transfer is discussed, which is also known as the classical derivation of Forster
theory of energy transfer. Then, the quantum mechanical description of excitation
transfer between two molecules due to Forster is presented. Moreover, the expressions for
apparent FRET efficiency in terms of measurable fluorescence intensities are derived. For
an oligomeric complex of size larger than two, different configurations of the complexes
are expected to have different FRET efficiencies depending upon the number of donors
and acceptors and their positions within the complex. For oligomers having simple
geometries such as linear and triangular trimers, linear tetramer, rhombus, square
tetramer, and circular octamer, the expressions for apparent FRET efficiencies for
different configurations are presented in terms of the pairwise FRET efficiency, i.e.,
FRET efficiency between a donor and an acceptor. In chapter 6, these models are used to
determine the stoichiometry and quaternary structures of a bacterial ABC transporter in

living cells.



In chapter 3, the results of numerical simulations, obtained when the molecules
are distributed on two dimensional homogeneous and inhomogeneous lattices, are
presented. The distribution of FRET efficiencies obtained for molecules distributed on
homogeneous and inhomogeneous surfaces are compared with average FRET
efficiencies. Three situations are considered: (i) when free donors and acceptors are
randomly distributed on the surfaces. (i1)) only dimers are distributed on the surfaces
randomly, and (ii1) the dimers are distributed with free donors and acceptors randomly.
The contributions of random molecular collisions to FRET (known as stochastic FRET)

are discussed. The advantage of distribution of FRET over average FRET is described.

Chapter 4 starts with the introduction of one-photon excitation and two-photon
excitation process. Then, the schematic and working principle of laser scanning confocal
microscopy is presented. Next, the schematic and the working principle of a spectrally
resolved two-photon microscopy are described. Since this microscope is a spectrally
resolved two-photon scanning microscope, corresponding to one line scan one gets one
image in wavelength and direction of scan plane. The reconstruction of spectral images
from the images corresponding to each line scan is described in this chapter. In FRET
microscopy, two fluorophores are used; therefore, each pixel of an image consists of
donor fluorescence and acceptor fluorescence. The concept of spectral unmixing to get

the donor fluorescence in the presence of acceptors and acceptor fluorescence in the



presence of donors is given. Since direct excitation may cause acceptor bleed-through

(ABT), some FRET pairs are where ABT is almost negligible.

In chapter 5, a brief overview of the structure of the biological system of our
interest, the Gram-negative bacterium Pseudomonas aeruginosa, is given. This bacterium
is an opportunistic pathogen with several virulence factors, lipopolysaccharides (LPSs)
being one of them. LPSs are the main components of the outer leaflet of the outer
membrane of this pathogen. In addition, the general architecture and the mechanism
underlying the transport of substance through an ABC transporter is presented. The
transmembrane protein Wzm and the cytoplasmic protein Wzt together form an ABC
transporter in this bacterium and translocate the polysaccharides, synthesized in the

cytoplasm, across the inner membrane.

In chapter 6 a new FRET-based method, which we developed (that allows one to
probe the stoichiometry and structure of dynamic protein complexes in living cells), is
described. This method is used to determine the quaternary structure of the
transmembrane subunit Wzm and the cytoplasmic nucleotide binding domain (NBD)
subunit Wzt of an ABC transporter, Wzm-Wzt, found in Pseudomonas aeruginosa.
The Wzm-Wzt transporter plays an important role in the synthesis of LPS, an endotoxin.
The localization of Wzm and Wzt in the living cells is also presented. In addition, the
interaction between the Wzm and Wzt subunits is determined. Based on these results, the

structural model for this ABC transporter is proposed.



Finally, conclusions and future studies are discussed in chapter 7.
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Chapter 1. Introduction

Many cellular processes are based on dynamic interactions between proteins.
Although these interactions are commonly studied in vitro using biochemical methods,
the weak and transient interactions in proteins that occur in the natural milieu of the cell
can’t be studied in vitro by biochemical methods. Co-localization by
immunofluorescence microscopy is historically the popular method to study protein-
protein interaction in situ. Since the proteins are a few nanometers wide and the
resolution of the fluorescence microscopy is a few hundred nanometers, such a crude
measurement may be misleading (1). The knowledge that two molecules are adjacent,
and not just in the same neighborhood, provides much more reliable information about
the interaction. One could, of course, obtain information about protein quaternary
structure with electron microscopes, but its application is currently limited to non-living

objects.

In contrast, microscopy based on FRET measurements overcomes all these
limitations. Since FRET occurs between the fluophores separated by less than 10 nm, it is
well suited to study protein-protein interaction. In this chapter, we give the overview of
fluorescence and fluorescence resonance energy transfer (FRET). In addition, we
describe the dependence of FRET on distance between two fluorescent molecules, also
called fluorophores, and on the orientation of the dipoles associated with two
fluorophores. Next, we discuss about the fluorescent proteins and their variants that are

used to tag the protein of interest to study many biological processes in living cells using



FRET. Moreover, we discuss many challenges in FRET microscopy and different
techniques for FRET measurements. Finally, we give an overview of the literature on the

applications of FRET to biophysical and biological studies.

1.1 Fluorescence

When the incident photon falls on the fluorophore, the electron jumps to an excited
singlet state, S;, from the singlet ground state, Sp. The electron loses its energy partially
through vibrational relaxation, which takes place within ~ 10712 s. This process brings
the electron to the lowest level in S;. The electron then jumps to the ground state, Sy, of
the fluorophore either emitting a red-shifted photon, with a rate constant, I'" where
superscript r stands for radiative, or without emitting a photon, with a rate constant, I'"™"
where superscript nr stands for non-radiative. The light emitted due to the quantum
transition from S; to Sy is called fluorescence. The process is illustrated as shown in Fig.
1.1. The emission rates of fluorescence are of the order of 10° sec'l, hence the
fluorescence lifetimes are typically of the order of 10 ns. Since fluorescence lifetimes are
much longer than that of vibrational relaxation, emission occurs after the completion of
vibrational relaxation. The average lifetime of the fluorophore is different from the
fluorescence lifetime. The average lifetime of the fluorophore is the time between its
excitation and return to the ground state. In contrast to fluorescence lifetime, which only
depends on the radiative de-excitation rate of the fluorophore from singlet excited state to
the singlet ground state, the average lifetime of the fluorophore depends on both radiative

and non-radiative de-excitation rates. Since the fluorescence lifetime of the fluorophore



is very short, measurements of time-resolved emission requires sophisticated optics and

electronics. During such transitions, the electronic spin remains conserved.

Another process closely related to fluorescence is phosphorescence. Both
fluorescence and phosphoresce are forms of luminescence. The fluorophore in the state
S; can undergo spin conversion to reach the first triplet state T; through intersystem
crossing. The emission from triplet state T; to singlet ground state Sy is called
phosphorescence. The phosphorescence is generally Stokes red-shifted relative to the
fluorescence. In excited triplet states, the electron in excited state has the same spin
orientation as the electron in the ground state. On the other hand, in excited singlet state
the electron in the excited orbital is paired with second electron having opposite spin. In
phosphorescence, transition from excited state to ground state is forbidden and the
emission rates are slow (10° to 10° sec™’) (2). Hence, the phosphorescence life-times are
typically from milliseconds to seconds. Usually, phosphoresce is not observed in
solutions because of the existence of many de-excitation pathways such as non-radiative
decay and quenching processes that compete with emission. The distinction between
fluorescence and phosphorescence is not always clear. There are materials that contain a
metal and organic ligands, called transition metal-ligand complexes (MLCs), show mixed
singlet-triplet states with their intermediate lifetimes from a few hundreds of nanoseconds

to several microseconds.
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Figure 1.1: Energy diagram of a fluorophore undergoing fluorescence and phosphorescence. S
and S, represent the singlet ground state and the singlet excited state of the molecule, while T} is
the excited triplet state. A is the wavelength of the light absorbed by the fluorescent molecule,
A¢ is the wavelength of fluorescence of the molecule, I'" is the radiative energy transfer rate from
S| to Sy, and I'™ is non-radiative energy transfer rate from S, to S,. The excitations get transferred
to the triplet state T, through intersystem crossing. The phosphorescence wavelength is A, . The
radiative transitions are depicted by wavy lines, while non-radiative transitions are depicted by
straight lines.

Recent years have seen a dramatic growth in cellular and molecular imaging
(studies, technologies, etc.) using fluorescence. It can be used to localize the molecules
in the cell, study conformational changes in macromolecules and study interaction

between molecules. Typically, the molecules that are used as fluorescent markers in live
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cell imaging are naturally occurring green fluorescent proteins (GFPs), or its variants, and

are described below.

1.2 Green fluorescent proteins (GFPs)

The first light-producing protein was purified and characterized by Shimomura et al. (3)
from a green-bioluminescing coelenterate, aequorin, from the jellyfish Adequorea victoria.
However, they found that the aequorin, when activated, generated blue rather than green
light. The green light was produced in Aequorea victoria by the excitation of another
inherent fluorescent protein (3, 4). This protein, which was initially described as green
protein, is now called green fluorescent protein (GFP). The unusual chemistry of GFP
required one or two enzymes for chromophore formation. However, the fluorescent GFP
can be made in many cell types and cellular compartments without enzymes. Since GFP
does not require additional gene from Aequorea victoria, the chromophore formation is
not species-specific (5). The chromophore formation occurs either by autocatalysis or
through the use of ubiquitous cellular components (5). The first heterologous expression
of GFP was in E. coli and in the nematode C. elegans (5, 6). The spectral properties of
GFP were same in the E. coli as in the purified protein from Aequorea victoria. The
initial experiments demonstrated that GFP can be used as a noninvasive way to monitor

gene expression in vivo.

In principle, green fluorescent proteins can also be fused to the protein of interest

to study its localization and targeting. The first fusion protein was obtained with the



12

expression of gene exuperantia (exu) tagged with a GFP gene at the N or C terminus.
This gene is needed for the localization of mRNA in the developing oocyte of Drosophila
(7). The GFP tag did not affect the function of EXU protein. Both parts of the protein
functioned as separate domain. The fusion protein GFP-EXU was localized within
developing oocyte as it could have been localized without GFP tag. The results obtained
from protein tagging with GFP were better than that obtained from the previous analysis
of EXU distribution based on immunocytochemistry. The advantage of GFP tag over
antibodies is specificity, cross-reactivity does not occur with GFP (6). Additionally, the

movement of protein-tagged with GFP in living cells can be monitored.

Since GFP can be expressed in E. coli, several investigators modified the
properties of this fluorescent protein (6). Many mutations of this fluorescent protein with
altered excitation and emission spectra and fluorescent intensity have been discovered.
These mutated fluorescent proteins are aimed at providing better fluorescent markers, to
allow energy transfer experiments with multicolor tagging and to understand the
molecular basis of fluorescence. Many variants of GFP such as green fluorescent protein
2 (GFP,), yellow fluorescent protein (YFP), cyan fluorescent protein (CFP), Venus etc.,
are available and are used in combination in FRET studies. GFP,-YFP, GFP-YFP, CFP-

YFP are a few examples of FRET pairs.
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1.3 Fluorescence resonance energy transfer

Forster resonance energy transfer (FRET) is a process through which energy from an
excited donor molecule (D) is transferred to a nearby unexcited acceptor molecule (A)
non-radiatively through dipole-dipole coupling (2, 8, 9). The process of energy transfer is
depicted in Fig. 1.2. The acceptor molecule (A) gets excited through this process. If the
acceptor molecule is also a fluorescent molecule, it will emit photon of wavelength that is
further red-sifted from the donor emission wavelength. In this case, FRET is also called

Fluorescence Resonance Energy Transfer.

The application of FRET microscopy as a tool to study assembly and
stoichiometry of biological complexes, conformational changes and protein-protein
interaction, has seen rapid growth in recent years. The development of different
fluorescent markers with different fluorescent properties in conjunction with FRET
microscopy has opened the door to explore the biological reactions inside living cells
which were previously only possible through biochemical means. The parameters that
affect the energy transfer rate from the excited donor to an unexcited acceptor are

described below.
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Figure 1.2: Energy diagram depicting Forster Resonance Energy Transfer (FRET) between a
donor (D) and acceptor (A) molecule. Sy and S, represent the singlet ground state and the singlet
excited state of the donor and acceptor molecules, respectively. T, represents the triplet state of
the donor molecule. The excited donor can reach to the triplet state through intersystem crossing.
Aex 1s the wavelength of the light absorbed by the donor molecule, A, is the wavelength of
fluorescent emitted light by the molecule, I'" is the radiative energy transfer rate from S; to Sy, I™
is non-radiative energy transfer rate from S; to Sy and [™ET is the rate of Forster resonance
energy transfer from excited donor to unexcited acceptor. The radiative transitions are depicted
by wavy lines, while non-radiative transitions are depicted by straight lines. This figure is adapted
from (10).

1.3.1 Dependence on distance

Here, we will present the qualitative description of the rate of energy transfer rate and its
dependence on distance. The detailed quantum mechanical derivation of energy transfer
rate is presented in the next chapter. The rate of energy transfer from an excited donor

(D) to unexcited acceptor (A) is given by (2, 8, 11) (also, see chapter 2):
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Iy =% (%) (1.1)
where R is the distance between the donor and an acceptor and R, is the Forster radius. It
is defined as the distance R when the rate of energy transfer between the donor and an
acceptor is equal to the decay rate of excited donor in the absence of the acceptor. 7 is
called the lifetime of donor in the absence of the acceptor. The inverse of 7, is the rate of
deactivation of the donor from excited state to the ground state that includes all the de-
excitation pathways other than energy transfer (radiative transfer rate I™” and non-

. . D
radiative transfer rate I'™

which includes internal conversion rates, intersystem crossing
rates) (Fig. 1.2). FRET opens an additional de-excitation pathway for the excited donor
and competes with all other de-excitation pathways kinetically. 7 is not, in general, the
same as the intrinsic lifetime 77 of the donor. 7f is the inverse of the radiative de-
excitation rate of an excited donor and can be calculated from Einstein’s A coefficient.
The expression for R, in terms of experimentally measurable parameters for a donor and
an acceptor pair is derived in chapter 2 and is given by:

¢ 9000x?QP(In10)c*
O 128 7Su*N,

d
[ poream= (12)

where, v is the frequency (in sec” units), QPis the quantum yield of the donor that is
defined as the number of photons emitted by the donor over the number of photons
absorbed by it ( see chapter 2 for detail), N, is the Avogadro’s number, u is the refractive
index pertaining to energy transfer, f,(v) is the normalized measured fluorescent
spectrum of the donor, €,(v) is the molar absorption spectrum of the acceptor (in the
units of cm™ mole™) and ks related to orientations of dipoles in space. The expression

(1.2) can also be written as (8):
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RS =8.79 x 107 2°u~4Qpx%J (v) cm®. (1.3)
The quantity J(v) in above expression is called overlap integral and represents the

integral in (1.2)

1.3.2 Orientation dependence

As it is clear from (1.2) and (1.3), the Forster distance R, depends on the orientation
factor of interacting dipoles, k2. Since, the rate of energy transfer depends on R, the
orientation factor also affects the rate of energy transfer. The electric field due to the

donor dipole at an acceptor dipole is given by:

= |mp|
ED = R3

{2 cos OpR + sin 6 @D} (1.4)

where, the meanings of symbols are explained in Fig. 1.3.

The rate of energy transfer in (1.1) is proportional to the square of interaction

energy between the donor and acceptor dipoles,

N
FD—>A X (UD—>A)2 = (ED.mA) , (15)

or

|mD|2|mA|2
R6

[mp|?|my|? 2

i, (1.6)

FD—’A {2 COSBDR\.FI,A +Sin9D éD."?lA}Z =

where
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k% = {2 cosOpR. M, + sinb), 8.7, }2. (1.7)

Figure 1.3: Relative orientation of a donor and an acceptor dipoles. The donor dipole lies on Y

plane while the acceptor dipole lies on X plane. R is the distance between two dipoles, ¢pp4 is the
angle between the two planes, 8, and 8, are angles the dipoles make from vector joining two
dipoles and i, and 774 are unit vectors of donor and acceptor dipoles. This figure is adapted
from (8).

In the expression (1.7), k2 is called the orientation factor of the dipoles. It can
take values between 0 and 4. Let us consider a few situations to make this point more
clear. If the two dipoles are perpendicular to each other and acceptor dipole is close to the
donor dipole, but in the direction perpendicular to the donor dipole, then k? = 0 (i.e.,

because, 6, = g, socosf, =0, and Bp.7,4 = 0 ). In this situation, even if the donor

spectrum and acceptor spectrum overlap significantly, the transfer rate will be zero. In

other situations k2 # 0 even if the dipoles are perpendicular to each other. Another trivial
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example when dipoles are parallel to each other and #,,.7m, = 1. If 8, = 0 and the

dipoles stack on each other then, k2 = 4. But when 8, = % then k2 = 1. Since there are

always fluctuations in the positions and angles of donor and acceptor molecules, the
actual values are the ensemble average or time average. In this situation the average value
of k2 =2/3 is quite satisfactory. When interpreting the conformational changes of
macromolecules, k2 is assumed to be constant. However, it should be kept in mind that
the assumption k2 = 2/3 and that k? remains constant is not a rigorous assumption by
any means. In FRET experiments when fluorescent proteins are used as markers, k2

becomes important variable and averages are not applicable.

1.3.3 FRET - An excellent tool to study protein-protein interaction

FRET is a measure of interaction between interacting molecules. To begin with, let us
consider the ensemble of donor and acceptor molecules as shown in Fig. 1.4. The donor
and acceptor molecules are fluorescent and are excited at different wavelengths. Let us
consider that the ensemble of molecules is exposed to the excitation wavelength at which
the donors get excited and at that wavelength either the acceptors gets excited very little
or not at all. This situation is depicted in Fig. 1.4. When the donors and the acceptors are
far apart, i.e., non-interacting, the donors are brighter and fluorescing, as can be seen
from many rays coming out of them. On the other hand, the acceptor molecules are
depicted as dim fluorescing molecules and a few rays are coming out of them. However,
when the molecules are very close to each other, i.e., the molecules are interacting, the
donor molecule loses its energy to the acceptor molecule through dipole-dipole coupling
non-radiatively. Therefore, the acceptor molecule gets brighter and the donor molecule

becomes dimmer.



19

By tagging the proteins of interest with donor and acceptor fluorescent markers,
FRET can be used to study the interaction between the interacting proteins in living cells.
The resolution of the images obtained from the optical microscopes is limited by their
diffraction limit which is of the order of ~ 0.3um and the interaction within nm cannot be
observed using these microscopes. Since the energy transfer between the donors and
acceptors occurs over the distances 1-10nm, a FRET signal obtained corresponding to a
particular location within the microscope gives addition information surpassing the
optical resolution of the microscope. Thus, within the voxel of microscopic resolution,
FRET resolves the distance between the donor and acceptors down to molecular scale
which is beyond the microscopic limit. Thus, FRET is an artificial lens through which the
distances between the donor and acceptors can be resolved. This situation is illustrated in

Fig. 1.5.
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Figure 1.4: Visual illustration of FRET between a donor and an acceptor. When the donor (D)
and the acceptor (A) molecules are not interacting, donors are brighter and the acceptors are
dimmer. When the donor (D) is interacting with an acceptor (A), FRET occurs between D and A.
Because of FRET non-radiative transfer of energy occurs between D and A, and that makes the
acceptor brighter and the donor dimmer.

The unique feature of FRET microscopy is its ability to demonstrate the intimate
interactions of molecules labeled with donor and acceptor fluorophores apart from
visualizing the colocalization of donor and acceptor labeled probes within~0.09 um®*
FRET measurements can provide a wealth of information regarding structure and
molecular interactions. It is easy to perform fluorescent measurements. However,
because of the heterogeneous, highly structured and complex environment of the

samples, it is difficult to quantify FRET. The successful analysis of FRET data depends



21

on the correct controls and corrects choice of the method to carry out the FRET

measurements on the particular sample.
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Interacting Molecules

FRET “Magnifying Glass”

Figure 1.5: Illustration of FRET as a magnifying glass. The distances between the donor and the
acceptor molecules that cannot be resolved by light microscope, can be resolved by FRET, hence
FRET can be thought of imaginary lens to resolve the distances less than 10nm.

1.3.4 Forster radius for different FRET pairs

The interactions between the interacting molecules are quantified by measuring the FRET
efficiency. It is defined as the fraction of excitations that transferred from an excited
donor molecule to nearby unexcited molecule through dipole-dipole coupling over all
possible de-excitation pathways of the excited donor. As you will see in chapter 2, the
FRET efficiency of energy transfer between a donor and an acceptor is given by:

R§

E=——,
RS + R®

(1.8)
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where R is the distance between the donor and the acceptor, and R, is the Forster radius
which is defined by (1.3). Alternatively, it can also be defined as the distance between a
donor and an acceptor for which the energy transfer between them is 50%. Different
types of FRET pairs are used in FRET spectroscopy depending upon its application in the
problem of interest. The Forster radius for different pairs can be calculated using (1.3). In
many FRET experiments, one needed to determine the distance between the
fluorophores. For example, to determine the conformational changes in macromolecules
based on FRET measurements, one needs to determine the distance between the donor
and acceptor. The distance can be determined using (1.9) provided the Forster radius for
that FRET pair is known. Forster radius can be determined experimentally using (1.3).
The Forster radius for some FRET pairs such as: GFP-YFP pair is determined 5.6 nm
(12), for CFP-YFP is 4.9 nm (12), for Cy3-Cy5 is 6.1 nm (13) and for GFP2-YFP is

5.5nm (14).

1.4 Challenges in FRET measurements

Many issues complicate the FRET measurements and sometimes give meaningless or
misleading results (1, 15, 16). The problems encountered include autofluorescence,
detector, relative brightness of donor and acceptor fluorophores, optical noise, photo-
bleaching, and spectral bleed-through of signals. But, the major issues are due to relative
brightness of donor and acceptor fluorophores and spectral bleed-through, sometimes
also called crosstalk. In theory, the relative brightness of donor and acceptor
fluorophores should not be a problem, but due to the limited dynamic range of most of

the instruments, it is possible that the signal emanating from the brighter fluorophore
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saturates the detector channel. On the other hand the signal from the dimer fluorophore is
lost or more affected by the systematic noise. However, it has been observed that the
fluorophores having comparable brightness yield satisfactory results. Another factor that
limits the detection of FRET is the donor-to-acceptor ratio outside the range of 10:1 to
1:10 (17). The main problem is then measuring a small amount of FRET signal in the
background of fluorophores not involved in FRET. Many protein-protein interaction

experiments that fall outside this category are not suitable for examination by FRET.

Another pitfall in FRET experiments is due to bleed-through or cross talk between
the two fluorophore colors. The light used to excite the donor can also directly excite the
acceptor that leads to the excess acceptor emission that does not result from FRET. This
artifact is called acceptor spectral bleed-through (ASBT). Again, the fluorescence from
the donor can leak into the acceptor detection channel. This artifact is called donor
spectral bleed-through (DSBT). The DSBT and ASBT are shown in Fig. 1.6 for
SCFP3A-SYFP2 FRET pair. Since the bleed-through arises from the photo physics of the
fluorophores and hence is present in all FRET pairs, this should be addressed before
FRET measurements are made. Choosing fluorophores that are spectrally separated from
each other reduces the cross- talk which also reduces the overlap of donor emission
spectrum and acceptor excitation spectrum and hence the overlap integral J. This reduces
the FRET detectability but helps eliminating cross-talk problem. In our experiments, we
addressed this problem using spectral FRET and choosing FRET pairs for which ASBT is

negligible and is discussed in chapter 4.
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Figure 1.6: Excitation and emission spectrum of SCFP3A (donor) and SYFP2 (acceptors). The
excitation spectrum of SCFP3A (dashed green line), emission spectrum of SCFP3A (solid green
line), excitation spectrum of SYFP2 (dashed red line), and the emission spectrum of SYFP2 (solid
red line) with different overlapping areas are shown. The region shaded with blue lines is called
donor spectral bleed-through (DSBT) and the region shaded in orange is called acceptor bleed-
through (ASBT). The emission spectra are measured in our lab and absorption spectra are
adopted from (6).
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1.5 Techniques of FRET imaging

1.5.1 Sensitized emission

Sensitized emission, also known as ratiometric imaging, is the simplest technique for
measuring FRET. This imaging can be done on a standard wide field microscope
equipped with proper fluorescent filter sets. The sample that contains both donors and
acceptors is excited by donor excitation wavelength. The donor fluorescence and
acceptor fluorescence is collected by using filter sets tuned for either donor or acceptor
fluorescence. If there would have been no crosstalk in the excitation and emission
spectrums of the fluorophores, it would have been very easy to calculate FRET from the
gathered acceptor fluorescence and donor fluorescence. But, in reality, the collected
donor and acceptor signals are contaminated due to bleed-through signals. Therefore,
many control experiments are needed to clean the data from bleed-through and it is

difficult to quantify FRET using this method (18).

To this goal, the images from cells expressing donor-only, acceptor-only and
cells expressing both donor and acceptors are collected using different filter sets. This
permits the determination of expected cross-talk in both excitation and emission
channels. This cross-talk is subtracted from the FRET signal. Many algorithms for
sensitized FRET imaging have been developed (19, 20). Despite all these difficulties,
when the FRET efficiency is large, sensitized emission is a quite useful technique. It
can be a very useful method for detecting dynamic interactions, because acquisition of

the two images is simultaneous. Sensitized emission can also be used for any intensity-
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based imaging system that includes total internal reflection (TIRF), spinning disk, or
laser scanning confocal microscopy. When the interactions between the donors and the
acceptors are weak, the amount of noise in the final FRET image exceed the level of
sensitized emission because of all the necessary correction factors and does not give
good results. Furthermore, these controls must be subjected to considerable image
processing in order to subtract bleed-through, a limitation that slows acquisition times,
increases the noise level, and introduces a relatively high degree of uncertainty into the

measurements.

1.5.2 Acceptor photo-bleaching

When donors and acceptors are sufficiently close to each other, the fluorescence of the
donor is reduced because of the presence of an additional de-excitation pathway of
energy transfer from donor to acceptor through dipole-dipole coupling. This reduction in
the fluorescence of donor in the presence of acceptor is called donor quenching and the
increase in the fluorescence of acceptor due to FRET is called acceptor sensitization. In
acceptor photo-bleaching, also commonly known as donor de-quenching, the
fluorescence of donor is measured in the presence of acceptor. Since some of the donor
energy is transferred to acceptor this donor fluorescence is quenched. Again, the
acceptors are photo bleached by exposing them to light for a longer time without
affecting donors. The photo bleached acceptors release the quenched energy and increase
the donor fluorescence. If there was a FRET between the donor and the acceptor, photo-
bleaching of acceptor must increase the fluorescence of donor. The fluorescence of de-
quenched donors is measured. It is important in these experiments to ensure that the

photo-bleaching of acceptors does not degrade the donors and the acceptors are photo-
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bleached to 10% of their initial value. These constraints can be easily met with the use of

laser scanning confocal microscope.

This method avoids the spectral bleed-through problem. Moreover, this method is
straightforward, quantitative and requires only one sample. The apparent efficiency,
which is a measure of interaction, is calculated by subtracting the fluorescence intensity
of donors in the presence of acceptors from de-quenched donors, and by dividing this
with the fluorescence of de-quenched donors. If [P PP is the fluorescent intensity of
donor after de-quenching, I is the fluorescence intensity of donor in the presence of

acceptor, the apparent FRET efficiency, E in acceptor photo-bleaching method is

app»

calculated using the following equation:

P Pb—

E (1.9)

app = 7D, pb

To perform the FRET measurements based on acceptor photo-bleaching, the
acceptors should be photo-destructive enough so that it takes less time to be bleached
while the donor should take longer time to be destroyed by photons. The example of such
FRET pair is Cy3-Cy5. In a positive note, the FRET measurements based on acceptor
photo-bleaching require no control experiment, which renders this technique among the

most accurate techniques for measuring FRET.
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The disadvantage of this method is that it is destructive. As a result, it can be used
only once and is not suitable for dynamic measurements. This approach can also be slow

depending on how long it takes to photo-bleach the acceptor.

1.5.3 Fluorescence lifetime imaging microscopy

Fluorescence lifetime imaging microscopy (FLIM) is a method that measures the time
taken by the fluorophore to reach the ground state from excited state while releasing the
photon. This method to measure FRET is less prone to cross-talk artifacts and is the most
rigorous method (21). The concept of FLIM is related to acceptor photo-bleaching. The
fluorescence intensity decay that all fluorescent molecules show on a nanosecond
timescale is sensitive to environmental factors that quench the fluorescence. Because of
FRET between a donor and acceptors, the donor fluorescence is quenched and this can be
measured by the decrease in the fluorescence lifetime of the donor in the presence of
acceptors. Thus, FLIM gives the accurate value of FRET efficiency. On a positive note,
FLIM is not affected by the direct excitation of acceptors unlike other methods and even
the acceptors which are not fluorescent can also be used (12). This expands the number

of fluoresceltly tagged protein-FRET pairs that can be used in this method.

There are two techniques for measuring the fluorescence lifetimes, time domain
FLIM and frequency domain FLIM. In frequency domain, the fluorescence lifetime is
measured from the phase shift and the demodulation of the fluorescent light with respect
to the phase and the modulation depth of the modulated excitation source. On the other

hand, the fluorescence lifetime in the time domain FLIM is measured by measuring the
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fluorescence time decay of the sample by exciting it with suitable light. Lifetime
measurements can be performed both in wide field and in scanning microscopes such as
confocal microscopes and two-photon microscopes. FLIM allows us to understand the
environment of a protein at atomic resolution, down to 8nm, far greater than what is

possible with even electron microscopy.

However, there are many challenges associated with this method, which limit its
applicability in FRET imaging. The fluorescent lifetimes are of the order of nanoseconds
and the detection systems of high time resolution are expensive to obtain and to maintain
and are not yet widely available. Moreover, FLIM is very slow. It requires several
minutes to acquire a single image. Hence, this method cannot be used to study
interactions which are dynamic and occur in less time than required to collect the image.
In addition, the fluorescent proteins in living cells have more than one lifetimes which
require the acquisition of more comprehensive data for FRET analysis. This further slows
the FLIM-FRET measurements. The environmental factors such as the pH change,
autofluorescence can shorten the fluorescence lifetime and sometimes may give
misleading results, hence, while interpreting the FLIM-FRET data in living cells care
must be taken. Also, this system cannot be used for the determination of stoichiometry of
proteins larger than the order of dimers, because in that case, many combinations of
oligomers depending upon the number of donors and acceptors and their position within
each oligomer is possible and each configuration will give different fluorescence lifetime.
Due to large number of lifetimes in each pixel, it is impossible to fit the experimental

data with exponential functions corresponding to lifetimes of different configurations.
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1.5.4 Spectral imaging

Spectral imaging is a form of imaging where the total spectral fluorescence emanating
from each voxel of the sample that contains both donor and acceptor fluorescence is
collected by the detector at once on the excitation wavelength of the donor. Unlike
sensitized emission, filters are not used to collect donor fluorescence and acceptor
fluorescence. The sample expressing donors only and acceptors only are used to get the
spectrum of the donor and the acceptor. The spectrum containing both donor and
acceptor components are spectrally unmixed using the donor only and acceptor only
spectrum to get the donor fluorescence and acceptor fluorescence (22, 23). This method
requires special spectral imaging equipment and is readily available with confocal
microscopes or can be added to conventional fluorescence microscopes at modest cost.
The use of two excitation wavelengths or the previous determination of the cross talk due
to the direction excitation of acceptor permits the determination of FRET (17). With the
development of more commercial systems, the use of spectral imaging is increasing. In
the future, it is expected that the spectral imaging will be one of the main methods for

performing FRET imaging.

1.5.5 Polarization anisotropy imaging

This method can provide information about size and shape of protein or the rigidity of the
molecular environments. It is based on the measurement of fluorescence polarization
(24). When the polarized light falls on the fluorophores, the fluorophores whose
transition dipole moments are in the direction of electric field of the polarized light will
absorb the photon. Thus, one excites the molecules selectively (see Figure 1.7). This

selective excitation results in partially polarized emission. The relative angles between
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the excitation moment and emission moment determine the maximum measured
anisotropy of the fluorescent molecules. When the sample is excited by the vertically

polarized light, the fluorescence anisotropy,r, and polarization,P, are defined as:

ool , (1.10)
I, + 21,
and
I —1,
= ) 1.11
I +1, (1.11)

where [, and I, are the fluorescence intensities of the vertically and horizontally
polarized emission. The rotational diffusion of the molecules can decrease the anisotropy
of the fluorophores (Fig. 1.7). Such diffusions displace the transition dipoles and occur
during the lifetime of the fluorophore. In fluorescent proteins, because of their large size,
the rotational diffusions are slow; hence the depolarization rate of fluorescence is little. If
the FRET occurs between the two FPs that are slightly misaligned then the measured
fluorescence will be coming out of different angle which is the same as the rotation of

FP.
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The polarization FRET technique is most useful for investigating the presence or

absence of FRET; however, it is not good at differentiating the weak and strong FRET.

1.6 Application of FRET in biology

FRET has been used in many biological problems. A few important applications of

FRET are discussed below.

Unpolarized emission
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1.6.1 Detection of heteromerization of more than two proteins

To decode the properties of molecular networks that control intercellular communication,
it is important to identify the formation of higher order oligomers in the plasma
membrane. G-protein coupled receptors (GPCRs), seven transmembrane spanning
receptors, play a significant role in communication systems throughout the animal
kingdom. However, their function is specific for a given cell and/or condition and
depends on the occurrence of oligomeric complexes formed by them. The ligands induce
conformational changes within the oligomer and modify the proteins’ signaling,
pharmacology and trafficking (25-27). Therefore, it is necessary to understand the
proteins interacting within the oligomers to understand the mechanism underlying

endocrine communication and cell transmission.

To study the protein-protein interaction, co-immunoprecipitation followed by
Western blotting, is primarily used. However, co-immuniprecipitation requires the
solubilization of membranes to extract membrane proteins. Thus, the complexes observed
by this method may be the artifacts of the solubilization. The method proposed by
Carriba et al. (28) is based on bioluminescence resonance energy transfer (BRET) and
fluorescence resonance energy transfer (FRET) and demonstrates the heteromeric
protein-protein interaction in living cells and overcomes the technical limitations
involved in the coimmunoprecipitation. Carriba and co-workers combined BRET and
FRET in a technique called sequential BRET-FRET (SRET) to identify the heterotrimers
formed by three different proteins. They fused one protein to Renilla luciferase (Rluc),

the second protein to BRET acceptor (GFP or YFP) and the third protein to the FRET
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acceptor (YFP or DsRed). The oxidation of Rluc by the Rluc fusion protein triggers the
acceptor excitation through BRET and subsequently the energy from excited BRET
acceptor is transferred to FRET acceptor. Using SRET they identified the interaction of
cannabinoid CB;, dopamine D, and adenosine A, receptors in living cells. The method
developed by them is a suitable tool to understand the nature of protein assemblies and

their interface in living cells.

1.6.2 Tracking SNARE complex formation in live endocrine cells

Syntaxin (Syx), synaptosome-associated protein of 25kD (SNAP25), and vesicle-
associated membrane proteins/ synaptobrevin (Syb) are collectively called SNARE
proteins. These proteins are responsible for catalyzing neuronal exocytosis by forming a
core complex. An et al. (29) used FRET to track SNARE complex formation in live
endocrine PC12 cells. To understand the complex formation in living cells, An and co-
workers made a fluorescent SNAP25. The cyan fluorescent protein (CFP) was FRET
donor while the fluorescent protein, Venus was FRET acceptor in their experiment. When
this fluorescent protein enters in SNARE complex, the intermolecular Fluorescence
Resonance Energy Transfer occurs. SNAP2S5 is SN1 connected to SN2 separated by 50
amino acid long linker. SN1 and SN2 are called SNARE motif regions. When SNAP25 is
alone, SN1 and SN2 are unstructured. However, when SNAP25 forms a complex with
Syx and Syb, SN1 and SN2 fold as parallel helices within a four —helix bundle, and the

N-terminals of SN1 and SN2 reach close to each other.
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1.6.3 Probing calcium ion concentration changes in living cells

CHO cells expressing M1 muscarinic acetylcholine receptors were used to probe the
concentration changes of calcium ions. Premo Cameleon FRET biosensors (Life
Technologies) were used to probe the calcium ion concentration changes within the cell.
This sensor consists of fluorophores eCFP and cpVenus that are connected by a
calmodulin-M13 moiety. When four calcium ions bind to calmodulin, a conformational
change occurs in the biosensor that brings the fluorophores together and causes increase
in FRET efficiency. By monitoring the changes in FRET efficiency in the cell or in an
organelle of the cell the concentration changes in the cell or in the organelle can be

probed.

Stoneman and co-workers (30) transduced CHO cells expressing M1 receptors
(CHO M1WT3, ATCC; Manassas, VA) using BacMAM transduction protocol to express
the Premo Cameleon biosensors ( Life Technologies). Cells expressing the Cameleon
sensor were imaged using optical micro-spectroscopy (OptiMis). The cells were treated
with 500 pM carbachol, a muscarinic receptor agonist, and imaged over an extended
period of time at intervals of 15 seconds. The change in FRET efficiency distribution of a
cell before and after treatment of carbachol is shown in Fig. 1.8 (A). The effect of

carbachol addition on FRET efficiency with time, is shown in Fig. 1.8 (B).
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Figure 1.8: Distributions of FRET efficiencies in CHO cells expressing the rat M1 muscarinic
receptor and the Premo Cameleon FRET Biosensor. (A) FRET efficiency histograms obtained
for a single cell before and 190 s after addition of agonist (carbachol). (B) Average value of
FRET efficiency histograms obtained at several time points before (open squares) and after
addition of carbachol (solid black squares). The open squares are the average of the FRET
efficiency histogram for a cell scanned in a similar manner as the carbachol-treated cell, but never
exposed to carbachol.

1.6.4 Measuring energetics of membrane protein dimerization

Due to many experimental challenges, the interactions between the membrane proteins
are the least well-characterized (31, 32) of protein interactions. This difficulty is because
most of the mammalian transmembrane proteins are alpha helical, though there are some
studies of interaction energetics of transmembrane (TM) helices in TM bilayers (33-35)
carried out in detergent micelles. To better understand biological processes, it is
necessary to measure the strength of TM helix association in the natural cell environment.
Glycophorin A (GpA), the primary sialoglycoprotein of the human erythrocyte
membrane, is a widely studied protein in terms of dimerization energetics. It has been
shown by some investigators that GpA has propensity for sequence specific dimerization
in detergents and in bacterial membranes (36, 37). Chen and co-workers measured the

energetics of GpA TM domain dimerization in vesicles derived from mammalian



37

membrane. To study plasma membrane lipids and proteins, vesicles are used as model
system (38). The authors used quantative imaging Forster resonance energy transfer (QI-
FRET) to determine the equilibrium constant of dimerization Kp (39) and using the

equation:

AG = —RTIn Kp, (1.12)

where, AG 1is the change in the Gibbs free energy, R is the ideal gas constant and T is the
equilibrium temperature, calculated the change in free energy of dimerization which was
-3.94 0.2 kcal/mol. This is the first quantitative measure of the dimerization energetics of
a membrane protein in mammalian membranes. The free energy of GpA dimerization

can be used as a standard for other interaction energies for comparison.

1.6.5 Stoichiometry determination of protein complexes

Raicu and co-workers (23) used spectrally resolved FRET to determine the stoichiometry
of the alpha-factor receptor protein Ste2 (Ste2p), a yeast mating protein (40). Their
method relies on both sensitized acceptor emission and on donor-dequenching (also
called acceptor photo-bleaching). They tagged Ste2p with CFP, GFP and YFP to obtain
Ste2p-CFP, Ste2p-GFP, and Ste2p-YFP, respectively. CFP and GFP tagged proteins were
donor of energies while YFP tagged protein acted as acceptor of energy in FRET
processes. The authors calculated the apparent FRET efficiencies for Ste2p-CFP/Ste2p-
YFP and Ste2p-GFP/Ste2p-YFP FRET pairs and based on the theoretical model

presented by them, determined that the Ste2p protein is dimeric.
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1.7 Other applications of FRET in biology

We have already discussed some important applications of FRET in biology. Here, we
briefly describe other biophysical and biological applications of FRET. Parson and co-
workers (41) used FRET to analyze the molecular interactions and conformational
changes in various proteins involved in the regulation of cell adhesion and motility.
Pearce et al. (42) used FRET to study the role of metallothionein (MT) in nitric oxide
signaling. MT is a 6- to 7-kDa cysteine —rich metal binding protein and is an important
component of intracellular redox signaling, including a target for nitric oxide. Hink et al.
studied the dynamic complexes formed by proteins in plant cells using FRET (43).
Heyduk et al. (44) highlighted the application of FRET in the measurement of the
distances between macromolecules and conformational changes in proteins at single
molecule level in the native in vivo context of a living cell. Coarsi et al. (45) presented a
fuzzy nanostructured system called a nano-capsule as a nanometric device to allow
distance modulation that preserved the photo physical properties of the fluorescent dyes
and exhibits good potential features for improving quantitative FRET analysis. These
authors used three steady-state fluorescence methods and one fluorescence life-time
based method to evaluate the behavior of such a sample. These nano-devices developed
by the authors can be used as a benchmark system for characterizing new FRET couples
and for the development of quantitative FRET analysis. Lleres and co-workers (46) used
FRET in conjunction with multi-photon fluorescence lifetime microscopy (FLIM) to
study chromatin compaction in living cells at the scale of nucleosomal arrays. They
tagged histone H2B either with enhanced green fluorescent protein (FP) or with m-

Cherry FPs to express them in human cell lines. FRET can take place between the
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nucleosomes tagged with separate FPs and increases when the chromatin compacts. Their
results were consistent with the higher order chromatin compaction during anaphase.
Raicu and co-workers (47) used spectral FRET to determine the quaternary structure of
yeast mating protein Ste2p. For that they tagged Ste2p with GFP2 and Ste2p with YFP
and coexpressed these proteins in yeast cells. The cells expressing both proteins were
imaged and distribution of FRET efficiencies was obtained. This distribution of FRET
efficiencies was simulated against theoretical models developed by Raicu and his team to
get the quaternary structure and stoichiometry of Ste2p protein. In contrast to their
previous study (Raicu, 2005) this time they showed using spectral FRET that Ste2p is
tetrameric. Demarco et al. (48) developed an imaging method based on the
photoactivated green fluorescent protein (PA-GFP) and FRET microscopy. They used
this method also known as photoquenching FRET (PQ-FRET) to monitor dynamic
interactions of the heterochromatin protein-1 alpha (HP1la) and the transcription factor
CCAAT/enhancer binding protein alpha (C/EBPa) in region of centromeric
heterochromatin in mouse pituitary cells. More quantitatively, FRET has been used for
determining the average size of the oligomers from average FRET efficiency values of
populations of interacting molecules (49, 50) as well as the average fraction of associated
versus unassociated monomers in a population of homo-oligomerizing proteins (39).
Using spectral FRET Pisterzi et al. determined that M2 muscarinic receptors form
tetramemers in the living cells. Maurel and co-workers (50) developed a method based on
FRET in conjuction with Snap-tag technology to quantify the protein-protein interaction
at the surface of living cells. Using this technology they concluded that class A and class

C, G proteins-coupled receptors (GPCRs) form oligomers. Chen et al. (39) used FRET to
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determine the contribution of the extracellular domain of fibroblast growth factor

receptor 3 (FGFR3) to the dimerization of the receptor. Albizu et al. (51) used time-

resolved FRET to report the oligomerization of GPCRs in their native tissues. Chapman

et al. (52) used FRET to study the interactions between calmodulin and the tryptophan

residues of synthetic peptides. Those as well as other applications are discussed more

extensively in review articles and books (see, e.g., (2, 10, 53)).
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Chapter 2. Forster rate of energy transfer

In this chapter, we present a historical background of energy transfer, the classical
derivation of energy transfer as described by Perrin, and the classical and quantum
mechanical derivations of energy transfer by Forster. In addition, we derive the
expressions for FRET efficiencies for different configurations of oligomers arranged in
different geometries in terms of pair-wise FRET efficiency (i.e., the FRET efficiency
between a donor and an acceptor), which will be used to determine the quaternary

structure of proteins in chapter 6.

2.1 Historical background of resonance energy transfer
J. Perrin developed the early dipole-dipole interaction model of energy transfer in
solutions (1, 2). He hypothesized that excitation energy could be transfered from one

molecule to another through interactions between oscillating dipoles. Classically, the

electric field due to an oscillating dipole, E, decreases as the distance between the

dipoles, R, increases. The electric field due to oscillating dipoles can be divided into three

zones: the near field zone (E o« R™3), the far-field zone (E o« R™1), and the intermediate
between the near-field and far-field. Dipole-dipole interaction had already been used to
describe the molecular interactions in the bulk matter. Here, we are only interested in the
dipole-dipole interaction energy in the near field. In this regime, the interaction energy is
large compared to the energy in the other two zones. The non-radiative mechanism based
on dipole-dipole interaction successfully accounted for the energy transfer in a gas

mixture arising from the collision between atoms (1, 3, 4).
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Perrin reasoned that the observed depolarization in a solution of fluorophore of
high concentration is due to the excitation energy transfer between molecules of different
orientations, before a photon is emitted. In his model, the interaction energy, Ejp;,

between two oscillating dipoles of molecules, donor (D) and acceptor (A), was Ej;; X

E .my, where, m, is the dipole moment of the acceptors and E the electric field due to
donor dipole at acceptor dipole. This interaction energy is identical to the perturbation
energy in the quantum mechanical description of FRET as described later in this chapter.
Moreover, Perrin assumed that the molecules are identical (2, 5). Initially he presented
the classical view of his model involving point dipoles; later his son, F. Perrin, also
presented the quantum mechanical description of the model proposed by J. Perin, where
the point dipoles become the transition dipoles (6). The Perrins’ (J. and F.) assumption
that the energy transfer between the molecules involves dipole perturbations was correct
as it was also realized by earlier researchers studying molecular interactions. However,
their theory was unable to explain the energy transfer in solutions of identical molecules.
It was known that at the concentrations of fluorophore solution when the molecules are
separated by ~ 2-5nm (7), the fluorescence becomes depolarized. However, their model
to explain this depolarization predicted much longer distances between the molecules in
order for energy transfer take place and hence the depolarization. Because of this

discrepancy, the Perrins’ theory of energy transfer lay dormant for about 20 years.
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Forster appreciated that the assumption of dipole-dipole interaction proposed by
Perrins to explain energy transfer in solutions was correct (1). According to Perrins the
two oscillators can exchange energy only if the both oscillators have the exact same
fundamental frequencies, i.e., the both oscillators are in resonance. However, Forster
realized that the resonance condition as assumed by Perrins is not limited to single
frequencies. Molecules in both ground and excited states have a distribution of energies,
and particularly in solutions these distributions are even wider because of their vibrations
and interactions with surrounding molecules. When the chromophore is excited to its
Frank-Condon state (see below), the excited molecule rapidly relaxes to the equilibrium
Boltzmann distribution of its vibrational and rotational states in less than a picosecond.
These distributions are responsible for the shape and the width of the absorption and
emission spectrum of the chromophores. Specifically, the absorption and emission
spectra of isolated molecules are narrow, and broaden when the molecules are immersed
in a liquid solution. Such distributions of energies affect significantly the probability per

unit time of spectroscopic transitions and the rate of energy transfer.

During energy transfer, of course, energy must be conserved. Therefore, energy
can be exchanged between donor and acceptor molecules only if the difference between
their instantaneous final energy states and the initial energy states are equal. However,
this resonance condition is distributed over all frequency values where the emission
spectrum of donor and excitation spectrum of acceptor overlap. This drastically reduces
the probability of meeting the resonance condition. Because of the spectral width, only a

fraction of molecules are exactly in resonance at a time. Another condition for Forster
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energy transfer is that the coupling between the two molecules is very weak, such that the
absorption and emission spectrum of molecules are not influenced by the coupling, that
is, the molecules interact with each other but still can be regarded as separate molecular

species.

The probability that the vibrational frequency of the donor exactly matches the
frequency of the acceptor is calculated by integrating the product between the donor’s
emission spectrum and the acceptor’s absorption spectrum over the overlapping
frequencies. This integral is also known as the overlap integral. Forster published a series
of papers on this topic. In his first paper, he presented the simple probabilistic
calculations, and soon thereafter he presented a thorough quantum mechanical account of

energy transfer (8).

Forster’s theory was in agreement with the experimental observations. The
distance over which the molecules can effectively exchange energy without emitting or

absorbing photons, predicted by Forster’s theory, was much less than that predicted by

Perrin’s theory. The rate of energy transfer varies as 1/ R6 in Forster’s theory and

as 1 / R3 in Perrin’s theory, where R is the distance between donor and acceptor. Forster’s

theory also takes into account the relative orientations of interacting dipoles and since

then has been rigorously checked (1, 9).
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2.2 Review of physical quantities needed for Forster’s theory

2.2.1 Absorption and emission of radiation
When an atom or molecule in the ground state characterized by the wave function |i)
and energy E; is subjected to electromagnetic radiation of frequency v, it enters an

excited state characterized by wave function |f) and energy Ef. The frequency v,

energyk;, and energy Ey are related as:
AE = Ef — E; = hv. (2.1)

Three absorption/emission processes may occur, as illustrated in Fig. 2.1-Fig 2.3 and are

discussed below.

Absorption
In absorption, the molecule or atom M absorbs a quantum of energy and is excited from
|i) to |f) tobecome M*. This process is illustrated in Fig. 2.1 and can be represented

as follows:

M+ hv » M*.
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Ef 3 |f)

Figure 2.1: Energy level diagram of a two-state system illustrating absorption. E; is the energy of
the system in the state |i) and Ey is the energy of the system in state |f) .

Spontaneous Emission

Almost all emissions that we usually encounter are of spontaneous type. Examples are
emissions from sodium vapors or tungsten filament. This process is illustrated in Fig. 2.2.
In this process, the excited molecule or atom M* in state |f) spontaneously emits a

quantum of energy to reach the ground state |i) :

M* - M + hv.
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Figure 2.2: Energy level diagram of a two-state system illustrating spontaneous emission. E; is
the energy of the system in the state |i) and Ef is the energy of the system in state |f).

Stimulated Emission

Stimulated emission is a process in which an incident radiation of appropriate frequency
triggers an atom in an excited state to emit radiation of the same frequency. The rate of
stimulated emission depends on the intensity of external field and also the number of
atoms or molecules in the excited state. This process is illustrated in Fig. 2.3. If v is the
frequency of incident radiation required to induce or stimulate M* to go from excited

state | f) to the ground state |i), then this process is represented by:

M*+hv > M+ 2hv
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Figure 2.3: Energy level diagram of a two-state system illustrating stimulated emission. E; is the
energy of the system in the state |i) and Ey is the energy of the system in state |f).

2.2.2 Einstein’s A and B coefficients
Let us consider an atom or molecule having two states, as shown in Fig. 2.1. The rate of

change of population N of the excited state |f) due to the absorption is given by:

dN
d_tf = NiBifp(V)l (22)

where B is the Einstein coefficient for absorption and p(v) is the spectral radiation

density given by Plank’s formula:

8mhu?v3/c3
pv) = — . @3)
exp (kB—T) -1

In the above expression h is Planck’s constant, u is the refractive index of the medium, ¢

is the speed of light, T is the equilibrium temperature and kg is the Boltzmann constant.
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Similarly, the rate of change of population Ny due to stimulated emission (see Fig. 2.3) is

given by:

dN.
d_tf = —NeBrip(v), @4

where By; is the Einstein coefficient for this process and is equal to B;s. For spontaneous

emission (see Fig. 2.2), we have:

d Ny
— = —N/A¢;, 2.5
dt e *

where Ay; is Einstein’s coefficient for spontaneous emission. If the system is in thermal

equilibrium in the presence of radiation of frequency v, then we have:

dN;

which gives:

N; - _ p(V)Byg
() = =

In thermal equilibrium, the number of molecules, Ny, in energy state |f) and the number

of molecules, N;, in energy state |i) are related as:

2.8)

where g; and g are the degeneracies of the states |i) and |f), respectively. If the
degeneracies of both the states are equal, then inserting (2.8) in (2.7) and then comparing

with (2.3) we get:
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_ 8mu’hvByy

~ 2.9)

fi
This is the relationship between Einstein’s A and B coefficients. According to this
equation, the spontaneous emission varies as the cube of the frequency relative to the

stimulated emission.

2.2.3 Dipole moment

The electric dipole moment of a molecule, denoted by 1, is defined as:

TTl): —QZF{-FBZZ]'RJ', (210)
i J

where 7;’s are the position vectors of electrons, ﬁj’s are the position vectors of nuclei,

—e is the charge on each the electron and +eZ; is the charge on the j™ nucleus.

2.2.4 Born-Oppenheimer approximation

Let us consider that the total wave function of the molecule is 1, and its electronic and
vibrational component wave functions are ,; and Y,;,. By assuming that (i) the
electrons move much faster than the nucleus that the nucleus can be considered to be
fixed during electronic motion, and that (ii) the nucleus senses a constant potential
because of the speedy motion of the electrons, one can separate the wave function of the

molecule into its electronic and nuclear components, i.e.,

Yrot = Yervip- (2.11)

This is called the Born-Oppenheimer approximation.
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2.2.5 Transition dipole moment

The transition dipole moment is the electric dipole moment associated to the transition
from ground state to the excited state. If |i) denotes the ground state of the molecule
and |f) the excited state of the molecule then the transition dipole moment, usually

denoted by iy, is defined as:

mg; = (i|m]|f). (2.12)
Within the Born-Oppenheimer approximation the ground state |i) and the excited state

| f) can be written as i) = |¢;) |v;)and |f) = |ps) |vs), where |p;) and |v;) are
electronic and vibrational wave functions of the ground states and |q,')f) and |vf> are the

electronic and vibrational wave functions of the excited state. Thus, from (2.12) we have:

rTifl- = <¢ivi —le_k)+ eZZlI_?)l (]5fo>, (213)
k l
or
g = —e ) (pleli) (vplvi) + e " Zu(wilR ol ) (il ) @.14)
k l

Since (d)i |q§f) = 0, (2.14) can be written as:

Tire = —e ) {dylFile) (vl @.15)

k

2.2.6 Frank-Condon principle
The Frank-Condon principle is a rule that explains the vibronic transitions in

spectroscopy and quantum chemistry. Vibronic transitions are transitions that occur
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following the absorption or emission of a photon by the molecule and involve
simultaneous changes in electronic and vibrational energy levels. The principle states that
the time scale for electronic transitions between two states is so fast compared to the
nuclear motion that the nucleus can be considered static, and the vibrational transition
from one state to another state is more likely to happen if these states have a large
overlap. The resulting state is called Frank-Condon state. This principle explains why

certain peaks are stronger than others in the absorption spectrum of molecules. If we

define S(vf, v;) = (vf|vl-) and m = —e Zk<¢f|r_k)|q.'>i>, then (2.15) can be expressed as:

TTl)fi = TTl)S(vf, vi), (216)

where 1 is the electronic transition dipole moment and |S (vf, vi)|2 is the Frank-Condon
factor. The Frank-Condon factor is the measure of the degree of overlap between the
excited state vibrational wave function and the ground state wave function and varies
between 0 and 1. It governs the vibrational transition contribution to the transition
probability and has large contribution if the vibrational ground state and excited state

have a large overlap (Fig. 2.4).
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Figure 2.4: Transition of an electron from electronic ground state to electronic excited state. The
electronic transitions are fast compared to the nuclear motion and hence the nucleus can be
regarded as at rest during transition. The transition between vibrational levels v; = 0 and vy = 2
is favored because of large overlap of vibrational wave functions.
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2.2.7 Relation between the Einstein coefficients and the transition
dipole moment

The average power radiated by a classical oscillating dipole is given by (10):

4 2
_ w 4me

= (2.17)

where w is the angular frequency of the oscillating dipole, u 1is the refractive index of
the medium, m,; is the classical dipole moment and is equal to the product of charge g
and the distance between two charges r making the dipole, and ¢ is the speed of light.
From (2.17), it is clear that the power radiated by the classical oscillator is same for +w,
which reflects the time-reversal symmetry between absorption and emission. For a
quantum mechanical oscillator, there are separate matrix elements for emission and
absorption. Hence, the quantum mechanical (transition) dipole moment can be written as:
Mgm = lqr| = (flqrli) + (ilqr|f), (2.18)
where [i) and |f) represent the initial and excited states of the oscillators. Denoting
mg; = (flqrli) and m;r = (ilqr|f), (2.18) can also be expressed as:
Mam = Mgy + Myp = mp; + my;

(2.19)

=2 Re[mfi],

where my; is the complex conjugate of my;. Again writing my; = |mfi| exp(ig), where

_ -1 MMyl )
¢ = tan Relm ) (2.19) becomes:
Mam = 2|my. (2.20)

By replacing m; in (2.17) with mg,, given by (2.20), we obtain:
2
B 4wt p|my|

c
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The power radiated by an oscillator is the rate of energy it emits during spontaneous
transition, and it can be written in terms of Einstein’s A coefficient as:
Pr = h(l)Afl = 2mhv Afi' (222)

where v is the frequency of the oscillator. Substitution of (2.22) into (2.21) gives

25;17T3v3|mfi|2. (223)

An =
fi 3c3h

Further, substitution of (2.23) into (2.9) yields:

L anmﬁlz
fi— 3h2u

(2.24)
2.2.8 Fluorescence emission spectrum of the molecules
If f(v) is the fluorescence spectrum such that [ f(v)dv =1 and g(Ef) is the

Boltzmann factor for the excited state | f) of the molecule in thermal equilibrium, then

(2.23), in conjunction with (2.16), can be generalized as:

Afi =

1 d 25 34,312
1_J[fwdv [ a2 [ ge) 578y, By — o), (2.25)

Tf Tf 3c3h
where S]? is the Franck-Condon factor associated with the fluorescence of the molecule
and 7y is the fluorescence lifetime of the donor, which is equal to the inverse of radiative
de-excitation (spontaneous emission) rate, as described in chapter 1. From (2.25), the
fluorescence spectrum f(v) can be written as:

25 putpm3v3m?

fV) =——73 9(E;) S?(Es, Ef — hv)dE;. (2.26)
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2.2.9 Beer-Lambert law and the extinction coefficient

We consider a slab of solution as shown in Fig. 2.5 having thickness d that contains n
light absorbing molecules/cm’. Let the absorption cross-section of molecules be o (in
units of cm?). Let I, be the intensity of light falling on the sample and I is the intensity of
light coming out of the sample. The light intensity absorbed per unit thickness is
proportional to the intensity of the incident light, I, absorption cross section, o, and the

number density of light-absorbing molecules (i.e., molecules per cm?), n. Thus, we have:

— = —_Jon. 2.27
7 on (2.27)

Integration of (2.27) with boundary condition [ = [, at x = 0 yields:

I
In (7") = ond, (2.28)

where d is the thickness of the sample.

dx

N
v

Figure 2.5: Illustration of absorption of light by a slab of solution of fluorescent molecules of
thickness d. I, is the intensity of incident light on the slab and [ is the intensity of light after
passing through the slab. This figure is adapted from (11).
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Equation (2.28) is called the Beer-Lambert equation. In literature, the following

alternative form is often used:

I
log (7()) = eCd = optical density, (2.29)

where ¢ is the decadic molar extinction coefficient (in Mecm™) and C is concentration of

solution in moles/liter. From (2.28) and (2.29), we get:

_ on
* T n@o)c

(2.30)

Since, n is related to Avogadro number, N4, as n = N,C /103, substitution of n in
(2.30) gives:

oNy

¢ = 1000In(10)" 2.31)

This is the relation between the extinction coefficient and the absorption cross-section.

2.2.10 Absorption spectrum of molecules

The absorption cross-section is related to Einstein’s B coefficient through the following

relation (12):
2mhvBy;
o = WP (2.32)
c

Combination of (2.31), (2.32) and (2.24) gives:

2
o = Zmvimgl N, (2.33)
3000In(10)phc
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If €(v) is the absorption spectrum and g(E;) is the Boltzmann factor associated with the
ground state of the molecule in thermal equilibrium, then (2.33), in conjunction with

(2.16), can be written as:

22m?vym?2N, 5
_ YS2(E. E. ) 2.34
[eorav= | O SO e | 90 5281+ ma, (2.34)

where S? is the Franck-Condon factor associated with excitation of the molecule. From
(2.34), the absorption spectrum €(v) can be written as:

22m2vm?N, )
= 2.35
e(v) = 30001n(10)h#0f (E)) S2(E,, E; + hv)dE; 2.35)

2.3 Classical derivation of energy transfer rate

2.3.1 Perrin’s theory of energy transfer rate

A first simple classical model to explain the energy transfer between the molecules in
solutions was developed by J. Perrin. He considered two classical electrically charged
oscillators interacting with each other through columbic electrostatic force. If the two
oscillators have the same resonance frequency they will exchange energy as two
resonating pendulums do. He assumed that initially only one of the oscillators, the
“donor,” is vibrating and another oscillator, the “acceptor” is at rest. If R is the distance
between the two oscillators, 1, is the classical dipole moment of the donor, i, is the
classical dipole moment of the acceptor, and u is the refractive index of the medium

where the oscillators are placed, then the interaction energy of the oscillators is given by:
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— — 3 — 4 — D
|Grip. i) = 75 (ip. R) (ia. K) | (2.36)
Eine = M2R3 . '

J. Perrin assumed that the donor and acceptor dipoles are identical, hence one can write

(2.36) as:
2
Km
Eine = 2R3 (2.37)
where Kk is the orientation factor arising due to dipoles and given by:
K = [Mp iy — 3(Mp R) (M, R)]. (2.38)

The hats on dipole moments and the distance between the donor and acceptor represent
their directions in space with unit magnitude. In his original calculations, Perrin did not
include k and p?, because these were approximate calculations. However, these factors
are included here for completeness (1). Using Planck’s old quantum theory, (2.37) can be

written as:

2
Km N (2.39)

Epe=——==Hh :
it .uZRS @ Tint

where h is the Planck’s constant, h, divided by 2w, w is the angular frequency of the

donor oscillator, 7;,; is the time period of the oscillating donor. The simplification of

(2.39) yields:
2p3
S (2.40)
Kkm?
In other words, the rate of energy transfer, I'°~4, is given by:
km?
rb-4 (2.41)

- hu?R3
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This expression is called the Perrin’s formula of energy transfer from oscillating donor to

acceptor at rest.

Also, from the average power radiated by an oscillating dipole, P., as given by

(2.17), the time of radiation can be calculated as:

hw
Trad = ? (242)

T

Substitution of (2.17) in (2.42) yields:

3hc3

_2he 243

Trad =
Now we find the distance R, where the natural decay time of the oscillator is equal to the
time of energy transfer, 7,,4 = Tint (1, 13). This gives:

3kc3 3k

- 3 ~ 0.0143 2.44
o7 =@k~ 00, (2.44)

R§ =

or Ry = 0.24, where A =c/v is the wavelength of the donor oscillations. Thus,
according to this model, the energy transfer would take place over a distance
approximately 1/5 of the wavelength of light radiating from the dipole. For a molecule
that absorbs in the visible spectrum at around 6000 A, a R, = 1200 A is thus obtained,

when the concentration of solution of the molecule was 107 mole/liter.

Experimentally the observed value of the distance over which energy transfer

occurred was much smaller than the estimated value. As seen from (2.41), the 1/ R3
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dependence of energy transfer rate that leads to such a large value of R, is the

assumption of exact resonance.

2.3.2 Forster’s correction in Perrin’s theory of energy transfer rate

Forster was able to correct the discrepancy of the Perrins’ model of energy transfer
between the identical molecules in solution by taking into account the Stokes shift of the
fluorescence spectrum relative to the absorption spectrum and by considering the broad
spectra of donors and acceptors rather than assuming the line spectrum. He pointed out
that the large estimate of R, is due to the fact that the conditions of the exact resonance
are not fulfilled. The spectrum of a dye molecule is not a sharp line, but rather a broad
band. The spectra are usually broadened by intermolecular and solvent interactions.
Therefore, the resonance is perturbed by the fact that the emission spectrum of the
excited molecule is different from the absorption spectrum of the unexcited molecule.
The resonance can occur for any frequency distributed over the total overlapping
frequency spectra of the donor and acceptor (see Fig. 2.6), and this drastically lowers the
probability that the resonance condition will be met. Because of the width of donor and
acceptor spectra, the energy that an excited donor donates to a neighboring unexcited
acceptor molecule will exactly match with the energy that the acceptor molecule gains
only in a small fraction of the time, i.e., only a fraction of molecules are in resonance at

any time.
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Figure 2.6: The emission spectrum of the donor (solid line) and the absorption spectrum of the
acceptor (dashed line). The shaded area shows the overlap between the donor emission and
acceptor absorption spectrum where the donor and acceptor oscillators can be in resonance.

The condition of resonance is fulfilled only for the short periods when the

frequencies of both molecules agree within the coupling width, i.e. a frequency range

. . E; . .
with a width of % Let us consider the fluorescence and absorption spectra to be two

rectangles with a width 2 and the overlap strip width Q' as shown in Fig. 2.7.
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Figure 2.7: The emission spectrum of the donor and the absorption spectrum of the acceptor are
shown as the rectangle of width 2. The shaded area shows the overlap between the donor
emission and acceptor absorption spectrum where the donor and acceptor oscillators are in
resonance having width 2'.

For the resonance condition to be met, if the frequency of one oscillator is within

)', then at the same time the frequency of another oscillator should coincide with it

. Ej . .. o}
within E‘f:”. The probability for thisis w = 311 Hence the new rate of energy transfer
int

becomes:
1 w

lpoa=7""=— (2.45)
int  Tint

or

41,20/
mg k()

FD—)A = W (246)
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As seen from (2.46), in contrast to the earlier derivation of Perrin (2) as described
in the previous section, the energy transfer rate varies as 1/R®, the hallmark of FRET.
Forster calculated:

Equating 7,454 = T},

6 C3 21,2 'Q’ 1

Eliminating m?; in (2.43) using (2.36) and replacing ¢ by Adw/2m, we get:

o G

For the type of fluorophores considered here, 2 is ~ 1.5 X 10" sec! for A= 6000A. The

.0 . . .
ratio — which represents spectral overlap is 1/10 for normal temperatures. Using these

numbers and T,44 = 0.5 X 10™® sec (14), R, can be estimated around 75A, the correct
order of magnitude for the critical distance. This is only the rough estimate of Forster
distance based on classical physics. The detailed quantum mechanical derivation of

energy transfer is given in the next section.

2.4 Quantum mechanical treatment of excitation transfer

We consider two molecules, D and A, of either the same or different type. Molecule D,
which we call the “donor,” is in an excited state and molecule A, which we call an
“acceptor,” is in an unexcited state at the beginning. The total vibronic energies of the
molecules are E}, and E, respectively. We follow the time evolution of all situations in
which molecule A is in the excited state with its total vibronic energy E,, and D is in the

unexcited state with its total vibronic energy Ep. Using (g, Q, E) as molecular vibronic
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wave functions, which are functions of their respective electronic and nuclear co-

ordinates ¢ and Q and their corresponding energies, such a process can be described as:

Yp (Ep)Ya(Eg) = Yp(Ep) Ya (Ep),

or, in a short notation by the use of dimer vibronic wave functions as:

IIUD’A(EblEA) - WDA’(EDIE,A,})'

The Hamiltonian of the system is given by:

H=Hp+H,+ Eine, (2.49)

where Hp and H, are the unperturbed Hamiltonians of donor and acceptor molecules
respectively and Ej,; is the interaction energy between the two molecules and is given

by equation (2.36). This interaction energy is also called resonance interaction energy.

From time-dependent perturbation theory, the transition probability for the
transition from the ground state |i) to the excited state |f) for a constant perturbation

turned on at t =0:

0-(0450

is given by (15):

P(i > f) = |4L l(Ef Ei )tl (2.51)
Ef
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In expression (2.51), Ef is the energy of the excited state |f), E; is the energy of the

ground state |i), and Vp; = (f|V]i).

Defining the ground state |i) as Wpr,(Ep,Es), the excited state |f) as
Y pa(Ep,Es), E; = Ep + E4 and Ef = Ep + Ej, the transition probability independent

of the excited state vibronic energies can be written as:

, , 4u2(ED,EA) _ . [AEt ,
P(D'A - DA") = H AE)? sin? [ T ] dEp dE, (2.52)
where
AE =E,+E,—E, — Ej, (2.53)
and
Vi = (FIVID) = (¥ a(ED , En) |Egnel ¥ pa (B, ER)) = u(Ep, E3). (2:54)

The integral in (2.52) extends over the excited state energies Ej and Ej.

2.4.1 Strong coupling
Expression (2.52) is valid as long as P(D'A - DA') << 1. For sufficiently short times,

such that:

AEt
— <1, 2.55
R (2.55)



70
expression (2.55) becomes:

P(D'A > DA

2 (2.56)
- f f w2 (Ep, EV) dEp dE},

If the condition (2.55) is satisfied for all energy values within the total energy ranges Aw
and Aw' of the electronic transitions, the integration in (2.56) can be performed over
these ranges and we get:

t2U?

- 2.57)

P(D'A - DA') =
where U? = [[u?(Ep,E4)dEpdE). If we require that transfer occurs under the

conditions such that P(D'A — DA') reaches unity, we have |U |~§ for times within the

. . 2h  2h

limit of (2.55) which are t « IR

This leads to:

2|U| > Aw, (2.58)

as an approximate condition for strong coupling transfer.

2.4.2 Weak coupling

When the molecules have well defined vibronic levels, (2.55) can be used for even longer
intervals provided the integration is restricted to A€, and A€, of Ep and E, , which
correspond to the vibrational levels v and w, respectively, of the original state of the

system. Under these conditions (2.53) becomes:



t2u?,

hz '

P(D'A— DA") =

71

(2.59)

where u,,, is the vibronic matrix element of resonance interaction. As in the case of

strong coupling, the condition for weak coupling is:
2|u,| > A€,

where A€ is the vibronic band width.

2.4.3 Very weak coupling

(2.60)

If condition (2.60) is not met, i.e., the matrix element of resonance interaction matrix is

smaller than the vibronic bandwidth, we enter the region of very weak coupling. Now,

(2.49) becomes:
, , _ 4u?(Ep,E;) [AEt ,

P(DA—) DA)ﬁgl_)I{.}jjj (AE)Z Slnzl:Zh:ldEDdEA’

or
o [AEt] ?

mt 2 14 . 51n2 [W] !

P(D’A - DA’) = ﬁjj u (ED:EA) tllm T dED dEA

™(2r) ©

Using the definition of the delta function,

5(x) = lim ——,
() tl—>rg> mtx?

we can write (2.62) as:

mt

AE
P(D'A - DA") = ﬁff u?(Ep, E)S (2_h> dEp dE,

2.61)

(2.62)

(2.63)

(2.64)



or

ot
P(D'A — DA’) = % f f w2(Ep, E})8(AE) dEy dE, .

Using the notation E = % (Ep — Ep + E; — Ey), we have:

0E  9(AE)
, 0 (EAE) 9E, OE,
dEp dB; = 5y dE dAE) = [ 5oaty| 4E d(AE)
0E, OE,
1
=1, dE d(AE) = dE d(AE).
.
2

Writing (2.64) in terms of new variables in conjunction with (2.66), we get:

P(D'A - DA') = % f f u?(E,AE)S(AE) dE d(AE),

or

2t
P(D'A — DA') = %Juz (E,0)dE
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(2.65)

(2.66)

2.67)

(2.68)

The above equation gives the probability for excitation transfer from excited donor

molecule to unexcited acceptor molecule for the times longer than those required for very

weak coupling transfer.

From (2.68), the transition rate can be calculated as:

21
I—'D—)A = 7}1{2 (E,O)dE

(2.69)
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2.5 Quantum mechanical derivation of Forster energy transfer rate

To calculate the transfer rate when the coupling between the donor and acceptor dipoles
is very weak, we have to specify the matrix element u(E, Q) appearing in (2.69) further.
In the complete notation, u(E, 0) can be written as (see the previous section):

u(E,0) = u(Ep, Es; Ep,Ey) = u(Ep,Ey; E, —E,E4 + E). (2.70)
Here, the excited state energies have been expressed by the original state energies and the
transfer energy E. Under Born-Oppenheimer approximation, the vibronic wave-functions

can be written as:

YralEp,Ea) = dpbaxp(Ep)xa(Ea), (2.71a)

Ypar(Ep, Ex) = dpdaxp(Ep — E)xa(Es + E), (2.71b)
where y; and y; are the vibrational wave functions and ¢; and ¢; are electronic wave

functions of the excited and of the unexcited molecule, [, respectively. From (2.70),

u?(E,0) can be written as:

u? (E,0) = (IIUD’A(EL’) ’ EA) IEintllPDA’ (ED» EA))Z. (2.72)
= (Pp®a |Einclopd4)>S5(Ep , Ep — E)SZ(Ea, Eq + E), (2.73)

where W = (¢pp4 |Eint|Ppdy) is electronic interaction matrix element and:

S(Eq, E2) = (X' (E1) X (E)), (2.75)
a vibrational overlap integral. Substituting (2.36) in the expression of W, we have:

K2|mD|2|mA|2

2 _
we = U4R6 ’

(2.76)
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where k is the orientation factor of dipoles as given in (2.38), mp, m, are the transitional
dipole moments of donor and acceptor molecules. Substituting (2.76) in (2.74) and then
into (2.69) and replacing the transfer energy by the transfer frequency, v = E /2mh, we

arrive at:

KZ ’ ’
rD—)A = mfm%Sg(ED,ED —E)mfle(EA,EA +E) dv. (277)

This is the expression for energy transfer rate from an excited donor molecule D having
energy E, to unexcited acceptor molecule A with energyE,. If the molecules are in
thermal equilibrium, the total energy transfer rate can be obtained by introducing suitable
Boltzmann factors and subsequent integration over all energies Ej, and E4. If g'(E}) and
g(E,) denote the continuous Boltzmann factors for excited and non-excited molecule,

which are normalized on energy scale then the total transfer rate is given by:

KZ ! ! ! !
lo-s = ez | [m5 | 9(E8)S3(Ep, B — E)aE

.[m}; j G(EDS2(Ey Ey + hv)dEA] dv. @78
Recognizing Ej in (2.26) as E}, , E; in (2.35) as E4 and then substituting these equations
in (2.78) we get:

_9000x?(In10)c*
P24 T 128 mSutN, T RS

dv
f fo(V)ea(v) e (2.79)

Now, let us define:

d
1= [ BemS (2.80)
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The above integral is called spectral overlap integral and is the measure of spectral
overlap between donor emission spectrum and acceptor excitation spectrum.
Combination of (2.79) and (2.80) gives:

_9000x?(In10)c?]
b=4 " 128 mou*NyTpRE

(2.81)

In the above expression, 7y is the fluorescence lifetime of the donor. We need to express
the fluorescence lifetime of the donor in terms of experimentally measurable quantities,
the quantum yield QP and the lifetime of the donor 7. The quantum yield of the donor
is defined as the number of photons emitted over the number of photons absorbed by the
donor. Mathematically, it can be expressed as:

I"T,D

R (2.82)
I"r,D + Fnr,D ’

QD
where I'™P and I'™"P are the rate constants of de-excitation though radiative and non-
radiative pathways, as described in Fig. 1.2, chapter 1. The lifetime of the excited state is

defined as the average time the molecule spends in the excited state prior to return to

ground state. The lifetime of donor in terms of de-excitation rates is defined as:

1

Tp = W (283)

As discussed in chapter 1, the lifetime of the donor in the absence of non-radiative
process is called the natural or intrinsic or fluorescence lifetime and is related to Einstein

A coefficient and is defined as:

(2.84)
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Combining (2.82), (2.83) and (2.84) we get:

1 D
—= Q— (2.85)
Tf Tp
Substituting (2.85) into (2.81), the rate of energy transfer becomes
9000x2QP (In10)c?J
Dod = = — (2.86)
128 m>u*NytpR
Again, if we define
20D 4
6= 9000x“Q” (In10)c ], (2.87)
128 m5u*N,
then the energy transfer rate from donor to acceptor can be expressed as:
1 /Ry\°
I, =— (_> , 2.88
p-4 = \R (2.88)

where, R, is the Forster radius. This expression is also called Férster energy transfer
rate.

2.6 Determination of stoichiometry and quaternary structure of
interacting molecules using spectral FRET

2.6.1 Elementary theory of fluorescence resonance energy transfer

Let us consider two molecules, a donor (D) and an acceptor (A). Both molecules are
fluorescent and very close to each other, i.e., within less than 10nm. Let the donor
molecule be excited by excitation wavelength 4,,. The excited donor molecule can be de-
excited radiatively, non-radiatively or through FRET. Once, the acceptor gets excited

through FRET, it emits fluorescence light. The pathways of energy transfer from donor to
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acceptor are depicted in Fig. 1.2 of Chapter 1. We defined the quantum yield of the donor
in the previous section in (2.82). Similarly we can define the quantum yield of acceptors

in terms of photon emission following excitation as (16, 17):

FhA

= AT (2.89)

QA
where ™4 and I™4 are the radiative and non-radiative rate constants for de-excitations
of donors and acceptors, respectively. Since FRET opens an additional de-excitation

pathway of the donor, the quantum yield of donor in the presence of acceptor can be

written as (16, 17):

FhD

DA _
Q™" = [7.D 4 [nr.D 4 [FRET " (2.90)

We defined the lifetime of the donor in the previous section in (2.83). Similarly, the

lifetimes of the acceptor excited state can be defined as the previous (16, 17):

7, = (ITA 4 A1, (2.91)

In the presence of an acceptor, the new fluorescence lifetime of donor becomes (16, 17):

Tpa = ([P + TP 4 TFRET) =L, (2.92)
The efficiency of energy transfer (or FRET efficiency) is defined as the fraction of
photons dissipated by the excited donor through FRET and is denoted by E.

Mathematically, it can be expressed as:

FFRET

(2.93)

E= [7D t [nr.D + [FRET'
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Combinations of (2.83), (2.92), and (2.93) yields:

E=1-24
- (2.94)

which relates the FRET efficiency to the fluorescence lifetimes of the donor in the
presence and absence of acceptor. This provides a convenient means for measuring the
FRET efficiency from fluorescence life-time measurements (11, 18, 19). Recognizing

Iy, as TFRETand using (2.83), (2.88) can be written as:

6

[FRET — ([™P 4 [nr.D)-1 (%) _ (2.95)

Using (2.95), (2.93) can be arranged as:

R 6
(?0) _, (2.96)
()

which connects the FRET efficiency to the distance between donor and acceptor. If the

E =

FRET efficiency is known from the lifetime measurements and Ry is known for the given
pair of fluorophores, the distance between the donor and an acceptor can be calculated.

For a system of M donors and N acceptors, (2.96) can be generalized as:

EI’-‘

M M N (—)6
E= ; ;; - (g—0)6 , (2.97)
lj

where R;; is the distance of i*" donor from j* acceptor. The following relation between

the quantum yield of donor in the presence and absence of acceptor can be obtained by

combining (2.82), (2.90) and (2.93):
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QP4 =QP(1-E). (2.98)
From (2.98), it is clear that the donor emission is reduced due to FRET by a factor of
1 — E. The reduction is donor emission due to FRET is called donor quenching. It can
be used to quantify the interaction between donor and acceptor using measurements of
donor fluorescence intensity in the presence and absence of acceptors. During this

process, the quantum yield of acceptor remains unchanged.

The excitation rate of the donor is not affected by FRET. By contrast, the
excitation rate of the acceptor in the presence of FRET, as is clear from Fig. 1.2, chapterl

is changed, as described by the following equation:

[exAD _ rexA 4 rexDp (2.99)

Fex,AD T ex,D _

where is the excitation is rate of acceptor in the presence of donors, and
Io(Aey)/(hc N EP(A,,) and ¥4 = I,(A,,)/(hc Ny)EA(A,,) are the excitation rate
constants of D and A, respectively in the absence of FRET. Iy(Aey), €2 (o), €2(Aey) are
the intensity of incident radiation and the absorption cross section of donor and acceptor
at the excitation wavelength, h is the Plank constant, c is the speed of the light, and N, is
Avogadro’s number. The increase in acceptor excitation rate due to FRET is called

acceptor sensitized emission and can be used to detect FRET from the measurements of

acceptor emission intensity.
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2.6.2 Determination of FRET efficiency in terms of intensity-based
measurable parameters
In principle, FRET based on fluorescence measurements can be used to determine the
size of oligomers formed by proteins and the quaternary structure of the oligomers. To
begin with, let us write the expressions for emission intensities of donors in the presence
of acceptors FP4(A,,) and acceptors in the presence of donors FAP(A,,), respectively

excited at wavelength A,,: (17):

FPA(Aex) = FP(A¢y) — FRET, (2.100a)
and
FAP (Aex) = FA(Aey) + FRRPT, (2.100b)

where FP(A,,) and F4(A,,) are fluorescence emission following direct excitation by

FFRET

laser light of wavelength A,,, Fj is the loss of donor emission due to FRET, and

FFRET 5 the gain of acceptor emission due to stimulation through FRET. We define the

FRET efficiency as the extent to which the donors are quenched by acceptors as:

FRET
Fp

Fapp =000y

(2.101)

The left-hand sides of (2.100) may be determined simultaneously using decomposition of
measured fluorescence spectra (20, 21) and by eliminating the acceptor bleed-through
(22). A spectral decomposition method provides two quantities, k4 and k4P, which are
equal to the maximum emission intensity for donors in the presence of acceptors, and for
acceptors in the presence of donors, respectively (20). These quantities may be used to
determine the total number of photons emitted per unit of time by integrating the
fluorescence spectra, IP4(A,,) = kP4iP(A,,) and I4P(A,,) = k4Pi4(A,,,), over all

emission wavelengths; that is:
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FDA(/lex) = kP4 f iP (Aem)dAem
(2.102a)

_ 1,DA,,,D
= kPw?,

and

FAD(Aex) = k4P f iA(Aem)dlem
(2.102b)

— kADbVA
where iP?(A,,) and i4(4,,) are the emission intensities of the pure donor and pure

acceptor spectra normalized to their maximum values, and w4 and w?” are the integrals

of the elementary spectra of the acceptor and donor, respectively. FERET and FFRET are

related as (23):

FERET = g—jFAFRET. (2.103)

By choosing the FRET pairs such that the acceptor molecules are only excited through
FRET (i.e., F4(4.) = 0), then (2.101) together with (2.100), (2.102) and (2.103) gives:
1

LI (2.104)

E

Equation (2.104), together with the parameters kP4 and k4P and the spectral
integrals of the individual fluorescent species determined separately, is used to evaluate

the apparent FRET efficiency, E from the fluorescence spectra of each pixel in an

app»

image.
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2.6.3 Prediction of E,,, values for different oligomer geometries

Within an oligomeric complex of size larger than two, different configurations of the
complex are possible depending upon the number of donors and acceptors and their
positions within the complex. The different configurations of the oligomeric complex are
expected to show distinct Ejp,;, values. In the case of simple geometries, it is possible to
express the apparent FRET efficiencies of different configurations of an oligomeric
complex in terms of pairwise FRET efficiency, E},, which is equal to the FRET efficiency
between a single donor and a single acceptor in a dimeric complex. To illustrate this
point, let us begin by assuming a configuration of a circular-shaped octameric complex of

the type shown in Fig. 2.8. The apparent FRET efficiency of this complex is given by

(17):
7
1
Eqpp = 72 Eij ’ (2.105)
i=1
or
g B 1 ) I"FRET/( 1"1" + rnr‘) N I"lFRET/( I"‘r' + I"nr)
app — 7 1 + FFRET/( T + Fnr) 1 + I"lFRET/( 1"1' + I"nr)

+ 2

[FRET /([T 4 77 [FRET j( [T 4 [nr) (2.106)
+ .
1+ OFRET/(rm 4+ ) - 1+ OFRET/(rm 4+ )
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Figure 2.8: Configuration of a circular octamer representing seven donors (turquoise color) and
one acceptor (yellow). R, R, R,, R; and R, represent the distances from the donors to the
acceptor. i and j represent the donors and acceptor respectively.

The factor two in front of the first, second and third fractions account for the fact
that FRET efficiencies for donors one and seven, two and six, three and five with one
acceptor are identical, assuming circular symmetry of the complex, i.e., that either static

or dyanamic averaging of the orientation factor applies. From (2.95), the rate of energy

6
transfer through FRET for donors adjacent to acceptor I'*RET = (TP 4 mP)~1 (%) ,

is much larger than that of those donors which are far from acceptor [[FRET =

6
(rrP 4 rmrby-1 (%) for i = 1,.....3. Therefore, neglecting the second, third, and

fourth term to the first approximation, (2.106) becomes:
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2 FFRET I"r + I-vnr 2

Ewpp =3 /C ) =-E (2.107)
71+ TFRET/(T 4 [nr)y 7

where we have used the notation

E, = [TFRET/(r" + I'™)]/[14+ TFRET/(Ir" 4+ I'™)]. The symbol E, denotes the
pair-wise FRET efficiency, which is equal to the FRET efficiency between a single donor
and a single acceptor in a dimeric complex. The circular shaped octamer can assume
several configurations depending upon the number of donors and acceptors and their
relative positions within the complex. The configuration shown in Fig. 2.8 is one of the
different possible configurations. The expressions for Eg,, for other configurations of
circular shaped octamer can be derived following the similar reasonings as for the

configuration shown in Fig. 2.6.

The apparent FRET efficiencies, in terms of pairwise FRET efficiencies for
diifferent configurations of a few simple geometries, are summaried in Fig. 2.9. The
FRET efficiency distributions obtained from the experiments are simulated against
different models, a few of them summarized in Fig. 2.9, to obtain the best fit. Based on
the model that fits the data best, the quaternary structure and stoichiometry of proteins
associating to form oligomers are determined. In chapter 6, we have extended this
method based on distribution of FRET efficiencies to determine the quaternary structure
of dynamic complexes and used the model described in Fig. 2.9 to determine quaternary

structure of Wzm-Wzt transporter in living cells.
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Figure 2.9: The apparent FRET efficiency expressions for different configurations of an
octamer. Relationships between apparent FRET efficiencies associated with individual
configurations and that between a single donor and a single acceptor within a dimmer
(Ep) for different geometries is given. Note that only FRET-productive configurations
(i.e., complexes containing at least one donor and at least one acceptor) are shown. This
figure 1s adapted from the reference (24).
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Chapter 3. Pixel versus average FRET: Numerical simulations

As described in earlier chapters, energy can be transferred from an excited donor to an
acceptor non-radiatively through FRET, provided the acceptor is in close vicinity of the
excited donor. When both molecules are fluorescent, the term "fluorescence resonance
energy transfer" is used, although the energy is not actually transferred by fluorescence
(1). If fluorescent probes are attached to known sites of two macromolecules of interest
or of the same macromolecule, FRET efficiency measurements allow one to evaluate
inter and intra-molecular distances or changes thereof. FRET can be detected using both
fluorescence lifetime imaging (FLIM) (2-10) and fluorescence intensity measurements (7,

8, 11-18).

Provided that the usual distance and orientation conditions are fulfilled (see the
theoretical section below), FRET may occur both between monomers within functional
complexes (which may be either long- or short-lived) and non-interacting molecules
expressed in high concentrations inside biological cells. In the latter case, the donor- and
acceptor- tagged proteins need not associate with each other in order to exchange
excitation energy; only their concentration needs to be high enough so that the average
distance between them is of the order of the Forster distance. This undesired energy
transfer, known as "stochastic FRET," may generate background noise in FRET studies
aimed at identifying functional interactions. For example, it has been claimed that
stochastic FRET has contaminated the results of relevant biological interactions in

several studies of bioluminescence resonance energy transfer (BRET) of G-protein
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coupled receptor oligomerization (19). This problem, which is generally assumed to be
relevant also to FRET measurements, has been investigated theoretically by several

investigators, either analytically or numerically (20-25).

Early FRET-based investigations of protein-protein interactions employed
wide-field microscopes or spectrofluorometers to measure average fluorescent emission
from individual cells, cell populations, or solutions of fluorescent molecules. The data in
such experiments have been normally analyzed by plotting the average FRET efficiency
of individual cells, synthetic vesicles, or even entire cell populations against the acceptors
and donors concentrations or their ratios, and interpreting the results in light of models
for functional and/or stochastic FRET (1, 13, 26, 27). While this approach has been
successful in detecting global properties of molecular interactions, when applied to
spatial distributions of molecular complexes in cells or cellular regions of interest, it
poses two kinds of difficulties: (a) the average-based approach makes the explicit or
implicit assumption that the distribution of molecules inside the cell is homogeneous,
although, for instance, cytoplasmic proteins may be excluded from regions occupied by
organelles or other macromolecular complexes, while membrane proteins may be
sequestered within cytoskeletal cages or lipid microdomains (also known as 'rafts'). Such
heterogeneity may lead to significant changes in the average FRET efficiency, which
may not be distinguished from changes in the distance between monomers within a
protein complex, and (b) the process of averaging of a distribution of FRET efficiency
values washes out the rich information otherwise contained in a distribution of FRET

efficiencies. This includes relative contributions of random and functional FRET, as well
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as contributions by different pathways for energy transfer that may be present in protein

complexes containing more than one donor and one acceptor.

The comparatively recent advent of laser-scanning microscopes, such as
confocal and two-photon microscopes (1, 28, 29), provided opportunities for measuring
fluorescence emission from thin optical sections of cells, thereby avoiding the averaging
of fluorescence data along the z-axis. However, quantitative interpretation of FRET data
obtained with scanning microscopes is often done in terms of cellular averages of FRET
efficiencies; in many cases when pixel-level data are obtained, the analysis remains
mostly qualitative, e.g., in the form of the so-called ratiometric FRET, instead of FRET
efficiency (13, 30-32). This situation is perhaps reminiscent of several decades of
evolution of the FRET theory within the framework created by the classical technology.
In addition, unresolved technological challenges in laser-scanning microscopy for a while
have prevented investigators from obtaining all the information necessary to estimate the

FRET efficiency at pixel level in a time shorter than that of molecular diffusion (24).

Laser-scanning microscopes for lifetime or intensity measurements allow one
to detect the signal from very small focal volumes of the sample. Under physiological
expression levels of the proteins of interest, the small focal volumes contain only a few
(ideally, only one) molecules or molecular complexes and therefore the information
contained in each image pixel is mostly single-molecule or single-molecular-complex-
level. To take full advantage of the opportunities introduced by laser-scanning

microscopes, theoretical models and methods of data analysis need to be further
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developed. Analytical calculations of energy transfer between multiple donors and
acceptors are rather complex and require numerous simplifying assumptions. Forster (25)
derived an expression for FRET efficiency for very low concentrations of excited donors
distributed at random in mixtures with acceptors. Similar calculations for FRET
efficiency were done by Eisenthal (24) and Wolber and Hudson (23) for FRET efficiency
in two dimensions. Analytical expressions have also been derived for oligomeric
complexes containing arbitrary numbers of monomers (33). Many practical situations are

still more conveniently tackled using numeric approaches.

Numerical Monte Carlo Simulations (MCS) have been used to calculate the
FRET efficiency between chromophores constrained in various geometries. Snyder and
Freire (22) examined the quenching of donor chromophores distributed in two
dimensions. Demidov (34) used MCS to calculate energy transfer using the mean of
randomly generated decay rates. Berney and Danuser (21) included competition between
donors for the same acceptors to examine the transfer between fluorescent probes
distributed on a surface. Corry et al. (20) used MCS to calculate FRET efficiency for an
ensemble of linked pairs of acceptors and donors and pentameric structures. Frazier et al.
(35) used FRET to investigate the domain formation in sphingomyelin/cholesterol/1-
Palmitoyl-2-oleoylphosphatidylcholine (POPC) mixtures and used MCS to interpret their
experimental results. Towles et al. (36) applied MCS to study the effect of membrane
microheterogeneity and domain size on FRET. Kiskowski and Kenworthy (37) examined
resonance energy transfer for disk-shaped membrane domains, relevant to FRET studies

of lipid rafts.
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In this chapter, we used MCS to compare FRET efficiency results between
homogeneous and inhomogeneous spatial distributions of molecules. In all the cases
investigated, the results of average FRET efficiencies for an entire image area were
compared to the distributions of FRET efficiencies for that area, as if the data were
obtained from wide-field and scanning optical microscopes, respectively. The main goals
of this study are (a) to understand the effect of molecular crowding on functional
interactions at concentrations commensurate with those encountered in experiments, and
(b) to establish a procedure for FRET data simulations that can be used for information
extraction from distributions of FRET efficiencies obtained experimentally. These results
should be relevant to both intensity-based and FLIM-based investigations, as our
simulations rely only on the Forster radius and intermolecular distances, while making no
assumption regarding the manner in which the pixel-level FRET efficiencies are obtained

experimentally.

3.1 Theoretical background

The problem of determining the efficiency of non-radiative energy transfer for systems of
donors and acceptors distributed at random in two or three dimensions has been dealt
with by several investigators (20, 21, 23-25, 38). Drawing upon those studies, in this
section, we will outline a general method, used in this work, for numerical simulations of
FRET efficiency for distributions of donors and acceptors on Euclidian as well as fractal
lattices (see below). Fractal lattices are represented here by a well-known fractal object

called Sierpinski's carpet (31, 39). The main assumptions made are as follows: (i) The
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distribution of molecular species (i.e., dimers, donors, and acceptors) is random and
uniform in the available space; however, for fractal lattices the distributions are non-
uniform (relative to the Euclidian space), due to the inhomogeneous character of the
lattice itself. (i7) The rate of donor excitation by light is very low, so that no more than
one donor is excited at any single time (i.e., during the lifetime of the donor's excited
state) in each focal spot. This ensures that excited donors do not compete for acceptors
with other donors in their neighborhood. (iii) The orientation factor, which enters the

Forster radius, R, (1), is independent of time on the timescale of the fluorescence

lifetime. The third approximation implies that the time-scale for rotational diffusion of
the donors and acceptors is either much shorter (i.e., dynamic averaging) or much longer

(i.e., static averaging) than the lifetime of the donor's excited state.

Under the above approximations, the rate of de-excitation of a donor

surrounded by N acceptors located at arbitrary distances R; (wherej =1, 2,... N) is given

by (24, 25, 33):

J=1 J

6
_ 4. MR
kETDA1:TD11+z[R—0] , (3.1)

where 7., and 7, are the lifetime of the excited donor in the presence and absence of
acceptors, respectively, and R, is the Forster radius, which depends on a number of

physical parameters, such as the relative orientation of the transition dipoles of the donor

and the acceptor (1). If the probability density, P(z) of the donor being excited at =0 is
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P(0) =1, then the probability density for the donor to still be excited at a time ¢ must

satisfy the differential equation:

APl (R
SO kr) =z, 1+§{R] P@). (3.2)

J

Integration of Eq. 3.2 gives:

b \ R,

6
P(t)=e /o ﬁl exp| — (L][&] . (3.3)

In the absence of resonance energy transfer, the sum in Eq. 3.2 becomes zero, and the

survival probability density for the excited state 1s Fy(¢) = el

If P(t—1¢")dt' denotes the probability that a donor excited at ¢’ is still excited
at time ¢ (with P(0)=1), then the relative quantum yield measured in a fluorescence
experiment is given by:

oPt [\ P(t—thdl' [ P(tdl’
0° [ R-t)dl [ Rt

(3.4)

where Fy(z—1") is the probability density function analogous to P(¢z —¢) when no FRET

occurs, while QD and QD 4 are the donor quantum yields in the absence and presence of

the acceptor (i.e., of FRET), respectively.
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Substituting (3. 3) into (3.4) and using P, (¢') = e’ we get:

D v R 6 -
1+>| =2

J

0™ 1 (3.5)

Since the FRET efficiency, E, is related to the two quantum yields by £ =1- QD 4 / QD

(31, 33), Eq. 3.5 becomes:

(3.6)

In the case of M donors and N acceptors distributed in a small excitation area

(equal to the focal spot area in a confocal or two-photon microscope), the FRET

efficiency is obtained as the average over all FRET efficiencies, E,, defined by Eq. 3.6,

namely:

(3.7)

This equation applies to homogeneous as well as inhomogeneous distributions of

molecules on Euclidian as well as fractal lattices.



96

3.2 Methods

We generated random distributions of molecules on two different planar surfaces: (i) a
planar Euclidian surface (i.e., a square), which allows for donors and acceptors to be
distributed uniformly, and (i) a well-characterized fractal lattice called Sierpinski's
carpet (31, 39), which has a fractional dimension and therefore confines the monomers
and dimers to certain allowed areas (see Fig. 3.1). All simulations were performed using
the software package Mathematica 6.0 (Wolfarm Research Inc., IL, USA). The electronic
file comprising our simulation algorithm may be provided upon request to those

interested, and it essentially follows the steps described below.

First, a lattice of area 25 ],Lm2 was defined, which is comparable to the area of a
small-to medium-size biological cell (such as yeast, erythrocyte, etc). Herein, this is
called the ‘total excitation area.” To populate the two-dimensional lattices with donors,
acceptors, and/or dimers, random pairs of coordinates were generated by the program;
these coordinates defined the positions of each molecule. In the case of dimeric
complexes, two pairs of coordinates were generated. The coordinates corresponding to
the position of the donor were generated first, and then the associated acceptor was
constrained to have any random coordinates within a circle of 6 nm radius centered on
the donor coordinates. Since a Forster distance of 5 nm was assumed for all calculations
(which is typical for several combinations of green fluorescent protein variants, which are
often used in experiments), this radius corresponds to a FRET efficiency E,; ~ 0.25. To
create a fractal distribution of molecules, such as the one corresponding to stage n =1 in

Fig. 3.1, additional steps were required to constrain the coordinates of all monomers or
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dimers to fall within the allowed areas of the Sierpinski carpet (Fig. 3.1), by using the

following procedure:

1. The coordinates of a monomer or a dimer were generated as described above.

2. As it is well known, the Sierpinski carpet is generated by dividing each side of the
large square by a factor of 3, removing the middle square, and then repeating the
process n times for each remaining square. The values of the monomer or dimer
coordinates were therefore expanded by a factor of 3, which is the scaling factor of
the Sierpinski carpet. Thus, if L is the length of the carpet, the minimum possible
value that the expanded x- (or y-) co-ordinate could take was zero, while the
maximum value was 3L.

3. Next, the expanded x- (or y-) coordinate was divided by the length of the carpet, L,
to obtain the reduced coordinate, &,. A function, Floor[£], was used to find the
greatest integer that was less than or equal to & where & is a real number. For
example, for &= 2.4, Floor[&] = 2.

4. 1If, for a particular molecule (or dimer) & 6(1,2), then Floor[&] = 1, and that

molecule was not considered any further in the simulations (because it fell in the
excluded square of the first stage of the Sierpinski carpet); otherwise, the molecule
was retained for subsequent determinations of FRET efficiency.

5. Steps 1 through 4 were repeated until the desired number of monomers and dimers

were placed on Sierpinski’s carpet.
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5 um

5 um

Figure 3.1: Different stages in the generation of a fractal distribution of molecules embedded in
an Euclidian square. The stage represented by » = 0 is identical to the Euclidian square surface,
while cases for »>1 represent different stages in the construction of the fractal structure. The
model represents the Sierpinski carpet, which has a fractal dimension 1.893. For n—> o, the
surface area tends to zero (31, 39).

To generate distributions of monomers and/or dimers for the n-th stage of the

Sierpinski’s carpet, we used the same procedure described above (by steps 1 through 5),

except that each procedure was applied to a sub-carpet of length 3% instead of L.

In order to determine the distribution of FRET efficiencies, the excitation area
occupied by monomers and/or dimers was divided into smaller areas of 0.25 x 0.25 um?,
each of which being roughly equal to the area of a diffraction-limited focal spot of a
focused light beam in a laser-scanning microscope. Depending on the total number of
donors, M, and acceptors, N, distributed in each lattice, it was possible to have zero, one,
or more of each type of molecule (i.e., donors, acceptors, and dimers) in every focal spot.
Therefore, an average FRET efficiency was computed for each focal spot using Eq. 3.7.
When dimers were present, one term of the sum in Eq.3.7 accounted for the fixed
distance between a donor and an acceptor within the dimer. In general, there exists a low

but finite probability that the donor and the acceptor of the same dimer fall in separate but
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adjacent focal spots. To avoid such situations, a simple subroutine checked whether the
coordinates of the donor and acceptor of each dimer fell in the same focal spot, and only

those dimers for which the condition was fulfilled were kept in the computer memory.

After choosing appropriate bin ranges for FRET efficiency values, the average
FRET efficiency value for each focal spot was placed in an appropriate bin, and
histograms were prepared using the accumulated bin counts, in order to generate the
statistical distribution of FRET efficiencies for the total excitation area. Such
distributions are expected to be obtained from measurements with laser-scanning
microscopes. The average FRET efficiency, E,,., for an entire excitation area (as it would

be obtained from wide-field microscopy) was also computed.

3.3 Results and discussion

While the simplified classical picture of donors surrounded by uniform distributions of
acceptors (23, 38) has been a useful first approximation to solutions of interacting
molecules, more elaborate models are often required for biological cells (20, 21, 35-37),
which are characterized by an inhomogeneous distribution of material. For instance,
cytoplasmic proteins may be excluded from regions occupied by other molecular
complexes (such as the ribosomes) or by membrane-bound cellular organelles (e.g., the
nucleus, or the mitochondria), while membrane proteins may be sequestered within
cytoskeletal cages or lipid microdomains or ER-internal membrane. Therefore, depending
on their degree of inhomogeneity, most biological systems present two types of

molecular distributions, or combinations thereof: (a) donors and acceptors confined to
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disconnected oligomers or larger assemblies (i.e., micro-domains); (b) bicontinuous,

percolative (31, 40) distributions of donors and acceptors.

In the study described here, we used two-dimensional simulations to determine
the FRET efficiency for molecules distributed on excitation areas of size comparable to
that of biological cells, both for Euclidan and for (incomplete) fractal structures obtained
for a finite number of steps in the construction of Sierpinski carpet (39) (see Fig. 3.1
above). The donors and acceptors were distributed at random on the fractal lattices, the
only restriction being that they occupied an 'allowed' area of the structure. The average
FRET efficiency per donor was calculated using Eq. 3.7 for each focal spot (of area 0.25

x 0.25 um?) comprising the fotal excitation area, as described in the Methods section.

The first case investigated was that of a random distribution of non-interacting
molecules tagged with donors and acceptors. In spite of the lack of physical interaction
between the tagged molecules, a type of energy transfer, known as stochastic FRET, may
still occur between the donor and acceptor tags (23). As seen in Fig. 2, for both types of
lattices investigated, most FRET efficiencies assumed values close to zero, with just a
small fraction of excitation areas showing non-vanishing FRET efficiencies. This was
true for any proportion of donors and acceptors investigated, even though the total

concentration considered (4800 molecules per 25 pm?) corresponded to as many as

332,160 molecules dispersed in a relatively small cell (with a volume of ~125 um?).
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Figure 3.2: Histograms showing the distribution of FRET efficiencies for donors and acceptors
randomly scattered on lattices of the type shown in Fig. 3.1. (A) Euclidian (i.e., uniform)
distribution of molecules; (B) Fractal distribution with n = 5; (C) Fractal distribution with n = 7.
The total number of 4800 donors and acceptors per whole excitation area (25 pm?) corresponds to
12 molecules per focal spot of area 0.25 x 0.25 um®.

The distributions of FRET efficiencies shown in Fig. 3.2 were characterized by
very small average values (see Fig. 3.3); these values are typical for measurements
performed using a wide-field microscope. We concluded that stochastic FRET is not a
major source of signal, even when relatively large average concentrations of interacting
molecules are present. Furthermore, local increases in concentration, caused by the large
exclusion areas of the fractal lattices, failed to enhance the FRET efficiency to a
significant extent. This weak effect stems from the fact that FRET is a non-linear process,
in which the efficiency of energy transfer dies out rather rapidly with the distance

between donors and acceptors (as R®). We have only obtained large values of FRET



102

efficiencies for concentrations of donors and acceptors much larger than physiological
expression levels of most proteins in the cell. The number of proteins are of the order of

2000 molecules in the mammalian cell (41).
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Figure 3.3: Dependence of the average FRET efficiency for distributions of monomeric donors
and acceptors on (A) the ratio of acceptor to donor concentrations, [A]/[D] (for [A]+[D]=
constant), and (B) the concentration of acceptors, [A] (for [A]/[D] = constant), for Euclidian and
fractal distributions of molecules. The significance of the symbols is: open circles, n = 0; filled
circles, n = 5; open squares, n =17.
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Next, we investigated whether stochastic FRET may contribute significantly to
the FRET efficiency of distributions of functional hetero-dimers. Herein, we define
"hetero-dimers" as both long-lived (or constitutive) and transient associations of
molecules tagged with donor and acceptor fluorophores. We placed hetero-dimers at
various concentrations on Euclidian as well as fractal lattices, and calculated the FRET
efficiency for all donors present in each focal spot of the excitation beam. Eq. 3.7 was
again used for this purpose, in which one term of the sum over summation variable j
accounted each time for the fixed distance between a donor and an acceptor within the

dimer (see Methods).

As can be seen in Fig. 3.4, the main bar in each of the histograms
(corresponding to a value E£;~ 0.25 for the FRET efficiency) was due to the presence of
the dimers themselves, with some broadening of the distribution towards larger values
occurring due to an occasional exchange of energy between donors and acceptors
belonging to different dimers. This broadening effect reflected the stochastic FRET
component, which was only marginally stronger for the inhomogeneous distribution
corresponding to the Sierpinski carpet, compared to the Euclidian lattice. In addition to
these features, most histograms also presented sizeable bars corresponding to cases when
no FRET occurred. It is worth noting here that, while instances with zero-FRET
efficiency were rare for Euclidian distributions, such occurrences were always observed
in fractal distributions, even for relatively high dimer concentrations. This is because

there are always regions within the Sierpinski carpet from which dimers are excluded.



104

400 400 400 400
Dimers = 400 Dimers = 1200 [ Dimers = 2400 Dimers = 3600
300 300 - 300 300
8 A a 8
5 200 S 200 5 200 S 200
o o o o
o o o o
100 4 100 - 100 4 100

0 —

00 02 04 06 08 10

00 02 04 06 08 10 00 02 04 06 08 10 00 02 04 06 08 10

(A) FRET Efficiency FRET Efficiency FRET Efficiency FRET Efficiency
400 400 400 400
Dimers = 400 Dimers = 1200 Dimers = 2400 Dimers = 3600
300 300 300 300
@ @ @ @
g 200 g 200 A g 200 g 200
o [=) o o
(6] (8] (&) (&]
100 4 100 4 100 4 100
0+ T T T T T 0+ T T T T T 0 r‘ T T T T 0 wl ey T T T
00 02 04 06 08 1.0 00 02 04 06 08 1.0 00 02 04 06 08 1.0 00 02 04 06 08 10
(B) FRET Efficiency FRET Efficiency FRET Efficiency FRET Efficiency
400 400 400 400
Dimers = 400 Dimers = 1200 Dimers = 2400 Dimers = 3600
300 300 4 300 300
@ @ @ ®
g 200 g 200 g 200 g 200
[=] [=] [=] o
Q (8] (8] (&)
100 4 100 4 100 4 100
J 0 0 : : ol lha

00 02 04 06 08 1.0 00 02 04 06 08 10 00 02 04 06 08 1.0 00 02 04 06 08 1.0
(C) FRET Efficiency FRET Efficiency FRET Efficiency FRET Efficiency

Figure 3.4: Histograms showing the distribution of FRET efficiencies for dimers distributed at
random on lattices of the type shown in Fig. 3.1: (A) Euclidian (i.e., uniform) distribution of
dimers; (B) Fractal distribution with n = 5; (C) Fractal distribution with » = 7. The first
concentration in each row (i.e., 400 dimers per whole excitation area) corresponds to 1 dimer per
focal spot, while the last concentration represents 9 dimers per focal spot.

The presence of bare spots in the fractal lattice leads to significant differences
between the average efficiencies of fractal and Euclidian distributions, as seen in Fig. 3.5.
This finding pertains to the experimental situation where an average cellular FRET
efficiency is calculated for cells containing protein complexes that do not spread
uniformly throughout the cell (such as membrane proteins), which leads to an
underestimation of the efficiency. In addition, it appears from Fig. 3.5 that the average
efficiency does depend on the total number of hetero-dimers (which is the same with that

of acceptors, for [A]/[D] = 1), even though each dimer is expected to contribute a
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constant FRET efficiency portion to the average value. This is because, at low
concentrations of dimers (which are actually similar to protein expression levels of
practical interest), the presence of excitation spots with no dimers at all decreases the
average efficiency; an increase in concentration leads to a decrease in the number of bare

spots, hence, the observed increase in the average FRET efficiency.
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Figure 3.5: Dependence of the average FRET efficiency for distributions of dimers on the
concentration of acceptors, [A] (for [A]/[D]=1), for Euclidian and fractal surfaces. The
significance of the symbols is: open circles, n = 0; filled circles, n = 5; open squares, n =1.

We next investigated the behaviour of hetero-dimers in the presence of various

concentrations of free donors and acceptors. Such mixtures may be relevant to several
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biological situations, such as, for instance, the case where there exist populations of free
donors and acceptors, some of which may interact to form short-lived dimers. Another
example is when donor- and acceptor-tagged proteins only exist as dimeric complexes,
but either the donor or the acceptor tag takes a longer time to become mature and hence
fluorescent. This may be described as either a mixture of dimers and donors, or dimers
and acceptors, depending on which tag takes longer to become mature. Typical results
from these simulations are shown in Fig. 3.6 for Euclidian as well as fractal distributions
(as defined in Fig. 3.1). As seen, while the FRET efficiency value corresponding to
dimers (E£;,~0.25) appeared in all histograms, the distribution of values was broader than
expected for purely dimeric populations. This can be accounted for by the following two
mechanisms: (i) The slight broadening of the distribution of efficiencies towards larger
values was due to the stochastic FRET between dimers as well as between donors in the
dimers and monomeric acceptors. (ii) A more pronounced broadening of the distribution
of FRET efficiency values towards values lower than the dimer FRET efficiency value,
E,; was accompanied by a decrease in the number of instances when the E; value was
detected. The occurrence of FRET efficiencies lower than E; was caused by the fact that
free donors, present in a focal spot alongside with dimers, contributed a value less than £,
(even zero) to the sum in Eq. 3.7, but increased the total number of donors, M, in that
spot. This reduction in FRET efficiency represents a type of ’stochastic’ FRET whose
importance has been less appreciated before, and which is not due to a real interaction
between donors and acceptors but to the increase in M caused by the mere presence of
free donors in the excitation spot. Also, while the broadening of the distributions of

FRET efficiencies towards higher values is somewhat more prominent for fractal lattices
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compared to Euclidian ones (compare Figs. 3.6B and3. 6C to Fig. 3.6A), a more obvious
difference is the presence of bars of sizeable height at zero FRET efficiency for fractal
distributions, even for very high concentrations of dimers. The latter effect leads to

systematically lower values of the average fret efficiency for fractal lattices (see Fig. 3.7).
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Figure 3.6: Histograms showing the distribution of FRET efficiencies for mixtures of dimers,
donors, and acceptors distributed at random on lattices of the type shown in Fig. 3.1: (A)
Euclidian (i.e., uniform) distribution of dimers; (B) Fractal distribution with n = 5; (C) Fractal
distribution with n = 7.

Experimental observation of distributions of FRET efficiencies similar to those
shown in Fig. 3.6 has been reported in a recent study (16) on an artificial dimeric
construct formed by two green fluorescent protein variants (42) linked by two amino

acids, whereby the acceptor (yellow fluorescent protein) is known to take a somewhat
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longer time to become mature and fluoresce. While in the histogram representation of
FRET efficiencies one is still able to distinguish between stochastic and functional FRET
for mixtures of dimers and free monomers, the average cellular efficiency hardly
provides any usable information (see Fig. 3.7). This difficulty is caused by the
dependence of the average FRET efficiency on the ratio of donor to acceptor
concentrations, which needs to be determined from separate measurements. An additional
difficulty is caused by the fact that the average efficiency depends on whether the spatial
distribution of molecules is homogeneous or inhomogeneous. This becomes apparent
when comparing the results obtained for the fractal case to those obtained for Euclidian

lattices (see Fig. 3.7).
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Figure 3.7: Dependence of the average FRET efficiency for distributions of dimers on the ratio
of total acceptor to total donor concentrations, [A]/[D] (for [A]+[D]= constant) for the three
molecular distributions shown in Fig. 3.1. The significance of the symbols is: open circles, n = 0;
filled circles, n = 5; open squares, n =17.
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We also note that the discriminating power of the distribution-based analysis
decreased gradually with the ratio of free donors to total donor concentrations, as
manifested by a reduction in the height of the bar corresponding to £, = 0.25 in Fig. 3.6.
This reduction may cause difficulties in separating between stochastic and functional
FRET by mere visual inspection of the histogram when free donors represent more than
20% of the total donor population (data not shown). However, even in that unfavorable
case it may still be possible to separate functional (i.e., dimeric) FRET from the
stochastic FRET background by performing detailed analyses of the histograms.
Notwithstanding possible complications caused by the point-spread function of the
microscope (43), this kind of analysis could be done by recognizing that the FRET
efficiencies in the histograms corresponding to values less than E; represent various
combinations of dimers and free donors, and therefore contain information about E,,

which could be extracted by fitting the simulated curves to experimental distributions.

3.4 Conclusion

The experimental approach based on average FRET efficiencies has been widely used in
FRET studies, perhaps because early studies employing wide-field microscopes and
spectrofluorometers have shaped our understanding of FRET. Our numerical simulations
described above indicated that the inherent inhomogeneity of any biological cell, together
with the presence of a form of stochastic FRET (not involving true interactions between

donor- and acceptor-tagged molecules), which has not been recognized before, may
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dramatically diminish the practical utility of the average-based approach. By contrast, a
distribution-based (or pixel-level) approach afforded by laser-scanning microscopes
should allow one to fully quantify the information regarding the distribution of FRET
efficiencies. Admittedly, this first modeling attempt to investigate an important problem
in FRET, as described above, required some simplifications regarding the size of the
oligomers as well as the ideality of the point-spread function of the optical instrument
(43), which was considered to map a point-object onto a point-image. However, a careful
evaluation of the physical situation indicates that, while future studies will likely
incorporate useful refinements, the main conclusions of this study should remain valid for
any oligomer size (such as trimers and tetramers) and for more realistic point-spread
functions. We believe that this analysis will offer a basis for extraction of structural and
stoichiometric information from whole distributions of FRET efficiencies by using

simulation-based fitting of experimental FRET data.
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Chapter 4. Linear and non-linear optical microscopy

Due to the advent of technologies for isolation, characterization, and mutation of
naturally occurring fluorescent proteins (such as GFP and its variants) that can be tagged
to the protein of interest, together with recent fluorescent imaging techniques (1), it is
feasible to visualize, track and quantify molecular interactions with spatial and temporal
resolution. Traditionally, fluorescence wide field microscopes are used for live cell
imaging. However, the images obtained from these microscopes lack clarity because of
light coming from points outside the focal plane. The invention of the confocal
microscope in 1950 was a milestone in imaging technology. Laser scanning confocal
microscopes (2) are capable of acquiring images of thin optical sections of cells and
tissues (3). The three dimensional images can be reconstructed by acquiring the multiple

thin section images.

Another breakthrough in imaging technology was the discovery of the two-photon
laser scanning microscope (TPM) (4, 5) in 1990 by Denk and co-workers (4). This
microscope exploits the ability of fluorescent molecules to absorb two photons
simultaneously having their energy equal to the energy of a single photon. For multi-
photon process to occur experimentally, a beam of the femtosecond pulsed laser is
focused tightly through a high numerical aperture objective to confine the photons
spatially and temporally. The intensity of the photons is high enough only in the small
volume around the focal spot of the objective of the two-photon microscope for the two-

photon excitation to occur, therefore, image sectioning is achieved without the pin-hole.
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Pin-hole is a hole that helps in focusing light in the focal plane of the objective of the

microscope or detection of light in detector coming from the focal plane.

In this chapter, we introduce the concept of one-photon and two-photon
excitation. Next, we describe the working principle of laser scanning confocal
microscopy. In addition, we present the two-photon microscope, which produces
spectrally resolved images after a full scan of the fluorescent sample. We also describe
the procedure for constructing spectral images from the images that correspond to
different line scans. Though interest in multicolor imaging to study the molecular
interactions in living cells is growing, the technical problems associated with the accurate
and precise measurements of fluorescence are hampering the full realization of the
potential. One of the requirements for FRET to occur is the spectral overlap of donor
emission spectrum, and acceptor absorption spectrum which makes it difficult to
accurately measure fluorescence signals to quantify FRET. Spectral imaging is a new
technique where the spectrum of fluorescence emanating from each voxel of the sample
is collected at each pixel of the image instead of acquiring data through two channels.
This recorded fluorescence emission spectrum contains both the donor and acceptor
fluorescence. Using spectrally resolved two-photon microscopy in conjunction with the
judicious choice of FRET pairs and spectral unmixing, discussed later in this chapter, the
technical problems encountered in FRET imaging, as described in chapterl, can be
eliminated. The apparent FRET efficiency that relies on the fluorescence of donors in the

presence of acceptors and the fluorescence of acceptors in the presence of donors, which
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are determined through spectral unmixing, can be calculated at each pixel of the image

using the formula for FRET efficiency derived in chapter 2.

4.1 One-photon vs. two-photon absorption

When a photon of wavelength A is incident on an atom or molecule characterized by the
ground state |i) with energy E; and the excited state |f) with energy Ef such that:

Ef — E; = hc/4, 4.1)
where h is the Plank constant and c is the speed of light, then the atom absorbs the energy
of the photon to reach the excited state from the ground state. The absorption of energy
by the atom or molecule from a single photon to reach the excited state from ground state
is called one-photon absorption (OPA). Alternatively, the atom can reach to the excited
state by simultaneously absorbing two photons having wavelengths A, and 4, instead of

absorbing a single photon of wavelength A such that:

Ef —E; = hc/A=hc/A; + hc/2,, 4.2)
or
1/A=1/A + 1/1,. (4.3)

The simultaneous absorption of two photons by the atom or molecule to reach the excited
state from ground state at the place of a single photon with same energy is called two-
photon absorption (TPA). The one-photon absorption and two-photon absorption
processes are depicted in Fig. 4.1. The transition probabilities from ground state |i) to
excited state |f) for one-photon excitation Pypg, and two-photon excitation, Pypg, are

given by (6):
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The term, Ey.F, appearing in (4.4) and (4.5) is the electric dipole interaction energy,
where, Ey, is the electric field vector of the photon and # is the position operator. €, is the

energy of the photon characterized by electric field Ey, m represents all intermediate
states, and €, is the energy difference between the state m and the ground state. The
parity transformation flips the sign of the position operator. When a physical operator
changes it’s after parity transformation, that physical operator is said to have odd parity.
If the physical operator is invariant under parity transformation, that operator is said to
have even parity. The parity of the transition dipole, ( f |Ey ?|i), in one-photon excitation
is odd. Thus, the absorption of one-photon changes the parity of the state. On the other
hand, the parity of the transition dipole in two-photon excitation,
( f |Ey.F|m)(m|Ey.F| f ), is even. Hence, in two-photon excitation only those transitions

are allowed for which the parity of the states are conserved. Since intensity, I, is related

to the electric field vector of the photon as:

Ix<E,, (4.6)
hence from (4.4) and (4.5), the transition probabilities for one-photon and two-photon
absorption vary as a linear function of intensity of the photon and square of the intensity
of the photon, respectively. Because of this, one-photon absorption is called a linear

process and the two-photon absorption is called a non-linear process.
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Figure 4.1: Energy level diagrams for one- photon absorption (OPA) and two- photon absorption
(TPA). The energies corresponding to the ground state |i) and the excited state |f) are E; and
Ef respectively. The wavelength of the photon corresponding to one-photon absorption is A and
the wavelengths of photons corresponding to two-photon absorptions are A; and A,.

The two-photon excitation (TPE) was first predicted by Goppert-Mayer in 1931 in
her doctoral dissertation and was first observed by Wolfgang Kaiser in 1961 in CaF;:
Eu’" crystal using laser excitation (7). The probability of one-photon absorption and two-

photon absorption in (4.4) and (4.5) comes from the first order and second order solutions
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of the time-dependent Schrodinger equation. Therefore, the probability of two-photon
absorption is extremely low and will only occur where the density of photons is very
high. Because of this reason, in two-photon microscopes, the fluorescence mainly comes
from the focal spot and the fluorescence from the out of focus is eliminated which

enables this microscope to image the thin section of the cell without pinholes.

For one-photon absorption, the loss of intensity as a function of distance is
obtained by integrating (2.27) (see Fig. 2.3, Chapter 2) and is given by
I =1I,e ¢, 4.7)
where o is the one-photon absorption cross-section and C is the concentration of the
medium subjected to one-photon absorption.

In the case of two-photon absorption, the loss of intensity per unit length is given by:

dl
~ — _ 2 4.8
dx pel?, (4.8)

where f is the two-photon absorption cross section. Integration of (4.8) subject to the

same boundary condition yields:

Iy

[|=——M— .
1+ fcxl, (4.9)

The one-photon absorption cross section is measured in cm® while the two-photon

absorption cross-section is measured in Goppert-Mayer (GM). 1GM is 10™° cm®

sec/photon.
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4.2 Laser scanning confocal microscope

In this microscope, the coherent light passes through the source pin-hole, which is
situated at the conjugate plane with the scanning point in the sample. This light is
reflected by the dichromatic mirror and is focused by the objective of the microscope on
the focal plane. The laser beams are scanned across the specimen to get the image of the
sample on the same focal plane. The emitted fluorescent light back propagates through
the objective, and after passing through the dichromatic mirror, is focused on the detector
pin-hole. Since this microscopy uses the single photon to excite the sample and the
absorption cross section is large, a significant amount of emission also comes from the
points above and below of the focal plane of the sample and an extended Airy disc is
formed on the detector. However, because of the detector pinhole, the light emanating
from out of focus planes is blocked by the detector pinhole. Thus the image of a section
that is on the focal plane of the microscope is obtained. The schematic of laser scanning

confocal microscope is shown in Fig 4.2.
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Figure 4.2: Schematic representation of laser scanning confocal microscope. The optical pathway
and the components are indicated.

To study spectral FRET, many commercial laser scanning confocal microscopes
are equipped with various detection schemes. This microscope has many advantages over

the wide field microscopes. These are:

(i) It can produce thin optical sections (0.5um to 1.5um) of fluorescent samples that have

thickness up to 50um or more.
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(ii) Since the image information is restricted to well-defined planes, the contrast of the
images obtained from confocal microscope is better than that obtained from wide field
microscope where the image information is blurred due to superposition of signals arising
from off-focus planes of the sample. Hence, the signal-to-noise ratio in the confocal

microscope is large compared to the wide field microscope (8).

(iit) The magnification of this microscope can be adjusted without changing the

objective by varying the area scanned by the laser (9).

However, there are a few disadvantages associated with this microscope. These

arc:

(i) Since the excitation wavelength is very close to the emission wavelength (for
example, the excitation wavelength for eGFP is 488nm and emission wavelength of it is
508nm), it is difficult to filter out the excitation signal from the emission signal which

makes the signal-to-noise ratio low.

(ii) Due to exposure of the whole sample to excitation light, even if the signal is read
from a thin optical section and due to slow reading of multiple wavelengths (in case of
FRET imaging) at each point, there is photo-bleaching of fluorescent molecules in the

entire sample.
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4.3 Spectrally resolved two-photon microscope

The schematic of the homemade spectrally resolved two-photon microscope is shown in
Fig. 4.3. A solid state laser (Verdi™, Coherent Inc., CA, U.S.A., 532nm) (1) pumps the
mode-locked Ti: Sapphire laser (KM Labs, CO, U.S.A.) (2). The mode-locked laser
generates sub-ten femtosecond pulses of near infrared light, in the wavelength range
780nm to 860nm with FWHM=120nm. The light beam is controlled by a set of fixed
mirrors (3&6) as well as two computer controlled scanning mirrors (Nutfield Technology
Inc., NH, U.S.A.) (4), and expanded by the telescope (5). The beam is then focused on
the sample (8) by the infinitely corrected objective with high numerical aperture (Nikon
Instruments Inc. NY, 100X magnification, NA= 1.43, oil immersion) (7). The beam is
focused to a diffraction-limited spot on the sample by the objective. With the help of x-y
scanning mirrors (4), the spot is scanned across the fluorescent sample. Here, x and y are
two mutually perpendicular directions on the sample as well as corresponding directions
on the detector. As the spot is scanned, the fluorescent light emanating from every single
spot in the sample back propagates and is collected by the objective (7) and sent to short
pass dichroic mirror (6). The short pass dichroic mirror (6) allows fluorescent light
having wavelength shorter than incident light pass through the dichroic mirror while
reflecting back the near—IR light which reflected back from the sample together with the
back propagated fluorescent light. The back propagated light, after passing through the
dichroic mirror (6), passes through the tube lens (9), and the short pass filter (10), and
then the transmission grating (11) which disperses the light into its spectral components,
and finally it falls on the 2-D detector (12). The short-pass filter (10) rejects any residual

infrared component in back propagated fluorescent light which would contaminate the



124

visible light we are interested in. The spectral components of fluorescence emission from
the scanned spot form a line on the detector (12) after being dispersed by the grating (11).
The laser spot is scanned using the galvanometric scanners (Nutfield Technology Inc.,
NH) (4) across the sample (along x-direction) such that the emission spectrum sweeps
across the detector to form a rectangle. One 2-D image is captured for each line scanned
on the sample in the x-dimension which corresponds to the actual x-dimension of the
sample, and the y-dimension corresponds to the spectral dimension (wavelength). To get
the image of the whole sample, many line scans for different y-values of the sample are
performed with the help of x-y scanning mirrors (4). The individual images obtained
corresponding to each line scans for different y values are reconstructed to get the

spectral images. The reconstruction algorithm is described in the next section.

In two-photon microscopy, the fluorescent emission comes from the focal spot of
the microscope hence the emission is inherently confocal. Therefore, it is unnecessary to
descan the emitted signal and non-descanned (external) detectors are used. The whole
spectrum corresponding to each line scan is acquired at once in this microscope set up,
which allows the fast acquisition of image in a non-descanned mode using an EM-CCD
camera. Another feature of this microscope is its ability to provide transmission images.
To get the transmission images, a white-light photodiode is placed under the microscope
slide and a narrow-band interference filter is inserted in the light path before the
transmission grating, which removes the blur caused by the diffraction grating. The
optical scanners and EM-CCD camera were controlled by a computer. The software for

that was written in-house in C++, and incorporates the image reconstruction algorithms.
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Figure 4.3: Schematic of spectrally resolved two-photon microscope. Different components of
the microscope are indicated in the picture. This image is adopted from (10, 11).

There are many advantages of two-photon microscope over confocal microscopes.

These are (12) :

(i) The two-photon excitation wavelengths are twice the one-photon excitation
wavelength; hence the attenuation due to scattering is reduced. Moreover, biological
tissues are transparent to infrared radiation. Hence it is possible to image deep sections in

biological tissues using two-photon microscopes.
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(it) The number of photons reaching the detector is larger than the number of photons in

the confocal microscope; hence better signal-to-noise ratio.

(iii) Since the two-photon absorption cross section is small and absorption only occurs at
the focal spot of the microscope, any photo-bleaching by the excitation light is confined

to the sample layer located on the focal plane of the microscope.

(iv) The separation between excitation wavelength (infrared) and emission (visible)
wavelengths in two-photon microscope is large and allows the filtering of excitation light
leaking into the detection channel, thus reducing the background noise and permitting

detection of signal from samples at low expression level.

(v) The absence of a confocal pinhole allows the use of non-descanned mode of

detection in conjunction with CCD cameras (5), which leads to higher speed.

Since the wavelength of the two-photon is twice the wavelength in one-photon,
the spatial resolution of the images obtained from two-photon microscope is poor than

that obtained from one-photon microscope.
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4.4 Image Reconstruction

Fluorescein solution, a uniformly fluorescing sample, was used to calibrate the line
scanning procedure. In this procedure, the fluorescent spectra originating from adjacent y
positions from the sample (for example say, from y =y, to y =1y, + 4y ) are such
that they differ exactly one pixel along spectral dimension on the CCD camera. After
performing the whole line scan of the sample consistent with the calibration procedure,
the relationship between the row number and wavelength is known for the obtained
images and is subsequently used for reconstruction of spectral images. To illustrate this
point, let us consider the image corresponding to line scan in the sample at y = y,. Let us
assume that the transmission grating separates the emitted fluorescent light into twelve
spectral components. The spectral images consistent with the calibration procedure and
corresponding toy = yo, Yy = Yo + 4y, y = yo + 24y and y = y, + 34y are shown in
Fig. 4.4. Now to reconstruct the image (let us say corresponding to wavelength 4,) one
finds row number 4 in the first image (i.e. the first y) corresponding to this wavelength.
According to calibration procedure, the next row i.e. row number 5 of the second image
(i.e., image corresponding to y = y, + 4y) corresponds to this wavelength. Similarly, the
row number 6 of the third image, row number 7 of the fourth image and so on

corresponds to the wavelength A,.
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Figure 4.4: Images corresponding to different y positions within the sample. The fluorescence
spectra along the spectral dimension differ exactly by one pixel between the two consecutive
images that correspond to adjacent y positions within the sample. This figure is adapted from the
supplementary material (11).



129

An image corresponding to the wavelength A, is obtained by stacking the
different row numbers corresponding to wavelength A, in different images shown in Fig.
4.4. The reconstruction procedure of an image corresponding to wavelength A, is
schematically shown in Fig. 4.5. Similarly, the images corresponding to all wavelengths

of emission spectra can be reconstructed.

Fluorescence Image for wavelength A,

Row 4 of Image No.1

Row 5 of Image No.2

Row 6 of Image No.3

Row 7 of Image No.4

Figure 4.5: Illustration of the image reconstruction procedure corresponding to the wavelength,
A4 from the images obtained from the different line scans corresponding to different values within
the sample. This figure is adapted from supplementary material (11).
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4.5 Spectral calibration of the microscope

Before collecting the data, one needs to spectrally calibrate the microscope. Spectral
calibration of the microscope is done to assign the appropriate wavelength to each
reconstructed image. For that standard sample is needed for which the fluorescence
emission spectrum was known. The standard sample comes from the 100-uM solution of
fluorescein sodium salt (Uranine, Fischer Scientific, IL). This salt is dissolved in
deionized water to make 100-uM fluorescein solution. The full set of line scan is
performed on this sample. The scanning parameter Ay is adjusted such that the
fluorescent spectrum of the sample is shifted exactly one pixel upon one increment of x-y

scanning mirrors position in y-direction.

The reconstructed images indexed by integeri, thus obtained, are opened by

utilizing the function of the open source code software Image J (http://rsb.info.nih.gov/ij/)

in ascending order and stacked. In this manner, the background corrected normalized
fluorescent intensity of each reconstructed image as a function of i are determined.
Since, the relationship between the wavelength of the emitted photons and the camera
pixel position in the spectral dimension was approximately linear; therefore, the
relationship between the reconstructed image number and the corresponding wavelength
was also linear. Hence, the wavelength corresponding to the reconstructed image is given

by:

A= m(i - imax) + Amax (4.10)


http://rsb.info.nih.gov/ij/
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where m is given by:

_ (Amax — 11/2)
m —————————ee.

=— - . 4.11
(lmax —l1/2) ( )

Here, A; represents the i*" wavelength of the reconstructed image. The values of
Amax and A;,, are the wavelengths corresponding to which the fluorescent intensities
are maximum and half of maximum in the emission spectrum of fluorescein. i,,,, and
[;/, represent the reconstructed image numbers corresponding to which the fluorescence

intensities are maximum and half of the maximum.

4.6 Multicolor imaging

4.6.1 FRET basics

The naturally occurring fluorescent proteins that are widely used as FRET pairs come
from a class of auto fluorescent proteins, called green fluorescent proteins (GFPs). For

fluorophores to be considered as FRET pairs, the following conditions should be met:

(1) The emission spectrum of the donor should significantly overlap with the excitation
spectrum of the acceptor. The overlap should be more than 30% to obtain efficient energy

transfer.
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(2) The separation between the donor excitation spectrum and acceptor excitation
spectrum should be sufficiently large so that the direct excitation of acceptors due to

donor excitation wavelength can be avoided as far as possible.

(3) The separation between the emission spectrum of the donor and the emission
spectrum of the acceptor should be large enough to allow the measurement of

fluorescence of each fluorophore independently.

GFP-based FRET imaging have been used to determine the compartmentalization
and functional organization of living cells, tracing the movement of proteins inside cells,
determining the stoichiometry of proteins and to determining the quaternary structure of
proteins. Depending upon the biological applications, there are number of combinations
that can be used as FRET pairs. Some of them are: GFP,-YFP, GFP,-Venus, CFP-YFP,
CFP3A-SYFP2, CFP-dsRED, mTurqouse-SCFP3A, BFP-GFP, GFP or YFP-dsRED,
Cy3-Cys5, Alexa488-Alexas55, Alexa488-Cy3, FITC- Rhodamine (TRITC), YFP-TRITC

or Cy3.

As mentioned above, one of the important conditions for FRET to occur is the
overlap of the emission spectrum of the donor with the absorption spectrum of the
acceptor. The FRET signal, due to spectral overlap, is always contaminated because of
the excitation of acceptor molecules by the donor excitation wavelength and by donor
emission into the acceptor channel. This is called spectral bleed-through (SBT) or

crosstalk signal into the acceptor channel. In principle, the SBT signal is same for one-
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photon or two-photon FRET microscopy. This can be corrected during the image

restoration if properly calibrated.

Crosstalk can be eliminated using spectral FRET and judicious choice of FRET
pairs. In spectral FRET, the donor signal and acceptor signal are separated from the
multicolor emission (i.e., combined emission of donor and acceptor) using spectral
deconvolution (13, 14) which is described in the next section and choosing donor such
that the excitation wavelength of donor does not excite acceptor directly and if it does,

the direct excitation is negligible. The FRET pair that meets this criterion is GFP,-YFP.

4.6.2 Spectral deconvolution

In spectral imaging, the fluorescence emission spectrum at each pixel of the image is
collected. The spectrum at each pixel of this image consists of individual contributions of
donor and acceptor signals. To calculate the apparent FRET efficiency at each pixel, the
fluorescence of donors in the presence of acceptors and the fluorescence of acceptors in
the presence of donors are needed to be separated (see determination of FRET efficiency
section of chapter 2). These contributions are determined by fitting the measured
spectrum at each pixel of the image to the function:

sy = kP4sp (1) + k4Ps,(R), (4.12)
where s3,(1) is the simulated composite spectrum, sp(4) is the elementary spectrum of
donor and s,(1) is the elementary spectrum of acceptor. kP4 and k4P are the scaling
factors for donor and acceptor respectively and represent the amount of fluorescence
emitted by donors in the presence of acceptors and fluorescence of acceptors in the

presence of donors respectively. The appropriate mathematical expressions for the
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computation of values for kP4 and k4P that are necessary to simulate the measured

spectrum are obtained (13, 15) using least square calculations. These are:

DA — Y (su-5p) X(s4) — X(Sa-5p) XSy -54)

4.13
Y(sH) X(sp) — [X(sa-5p)]? (4.13)

and

}AD — Z(SM-SA)Z(Sg) —2.(54-5p) X(Sp-Sp)
2(s3) X(sE) = [X(sa-5p)]? '

(4.14)

where ).(sx.Sy) is the sum over the intensities corresponding to all wavelengths of the
sy and sy spectra in the parenthesis, with X and Y standing for the measured (M), donor

(D), and acceptor (A) spectra.
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Chapter 5. Biological system of interest

The Pseudomonas aeruginosa is a Gram-negative bacterium. Several virulence factors
contribute to the pathogenety of this opportunistic pathogen, but lipopolysaccharide
(LPS) is the main factor. LPS consists of lipid A, core oligosaccharide and O
polysaccharide (O-PS) (1). The outer leaflet of the outer membrane of this bacterium
contains two LPSs, the A and B bands (2). A-band LPS, associated with chronic
infections, differs from B-band LPS in its O-PS composition (1). The transmembrane
protein, Wzm, and the nucleotide binding protein, Wzt, together form an ABC
transporter, Wzm-Wzt, in this bacterium. This transporter translocates the A-band
polysaccharides, synthesized in the cytoplasm, across the inner membrane and thus plays
an important role in the biosynthesis of A-band LPSs. In this chapter, we present a brief
overview of structure of Pseudomonas aeruginosa, which is also our biological system of
interest. Next, we describe the general architecture and the mechanism underlying the
transport of substances through an ABC transporter. The quaternary structure of the

Wzm-Wzt transporter is presented in detail in chapter 6.

5.1 Pseudomonas aeruginosa

Pseudomonas aeruginosa is an opportunistic rod shaped bacterium found on moist
natural environments such as soil and water lakes, streams, rivers, other fresh waters,
fresh fruits and vegetables, and hot tubs. In addition, it is also found on
healthcare/therapy environments such as respiratory therapy equipment, dialysis tubing,

and respiratory devices. This bacterium does not retain crystal violet dye in the Gram
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staining protocol, hence is a Gram-negative bacterium. The bacterium can grow on both
aerobic and anaerobic conditions. Pseudomonas aeruginosa accounts for 10% of all
hospital-acquired infections. Pseudomonas aeruginosa causes infections in
immunocompromised individuals and those who are hospitalized. The infections that are
commonly associated with this bacterium include urinary tract infections, ventilator-
associated pneumonia, surgical site infection, ocular infections, respiratory infections, ear
infections (external otitis, malignant external otitis), skin and soft tissue infections and
burn sepsis. Individuals diagnosed with HIV/AIDS, cystic fibrosis, chemotherapy-related

neutropenia, and diabetes are at high risk of acquiring an infection and developing

complications.

Outer Membrane
Peptidoglycan Sheet

Inner Membrane

Figure 5.1: Outline of the Gram-negative bacterium. The cell membrane of this bacterium
sorrounding cytoplasm consists of the inner membrane, outer membrane and a peptidoglycan
sheet between the inner and outer membrane.

In Pseudomonas aeruginosa, the cell wall is composed of the inner membrane, a
single layer of peptidoglycan and the outer membrane as shown in Fig.5.1. The region
between the inner membrane (cytoplasmic membrane) and the outer membrane is called

the periplasm. The outer membrane of Gram-negative bacteria contains porins, which act
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like pores for particular molecules. The outer leaflet of the outer membrane contains a unique
component, lipopolysaccharide (LPS or endotoxin) (see Fig. 5.2), which is toxic to
animals and is important for its structural integrity and survival. The pathogenicity of this
Gram-negative bacterium is often associated with certain components of its outer
membrane, in particular, the lipopolysaccharide (also known as LPS or endotoxin) on its
outer leaflet. In humans, LPS binds the CD14/TLR4/MD2 receptor complex of
leukocytes, which promotes the secretion of pro-inflammatory cytokines and immune
system activation (3, 4). Cytokine production causes inflammation and can produce toxin

in host.

Outer Membrane Llpopolysaccharlde

. protem
Porin Outer Membrane

AR

<— Lipoprotein

- - - - -
w z.ﬁéu?.su ] z.f\

Inner Membrane

Cytoplasm Membrane
protein

Figure 5.2: Cell membrane of the Gram-negative bacterium. The Gram-negative cell membrane
consists of inner membrane and an outer membrane that is outside of the peptidoglycan layer.
Lipoprotein molecules hold the peptidoglycan sheet to the outer membrane of the bacterium. This
figure is adapted from (http://textbookofbacteriology.net).
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The synthesis of polysaccharide (PS) starts on the cytoplasmic side of the inner
membrane of the bacterium. These PSs are of two types: the A-band PS and B-band PS.
The B-band PSs are translocated to the periplasmic face by Wzx (5). In the case of A-
band PSs, they are translocated to the periplasm by Wzm and Wzt proteins that form an
ABC transporter (6-8) (see Fig. 5.3). The synthesis of lipid A and core oligosaccharide
portion of LPS occurs separately. The biosynthesis pathways of PSs, lipid A and core
oligosaccharide merge at the periplasmic side of inner membrane to form LPSs. The LPS
molecules are subsequently transported across the periplasm and finally to the outer

membrane by the other proteins found in its outer membrane.

If endotoxin, LPS, enters the circulatory system, it reacts with the immune system
of the body and releases inflammatory substances in the blood. Hence, the host
experiences high temperature, high respiration rate, low blood pressure, loss in appetite
and physical depression. This may lead to endotoxin shock, which may be fatal. The
outer membrane of this bacterium protects the bacteria from several antibiotics, dyes, and
detergents that would normally damage the inner membrane. Most gram-negative
bacteria are naturally resistant to lysozyme and penicillin because these drugs can’t
penetrate to the outer membrane of these bacteria. Hence, alternative medicines such as
lysozyme with EDTA and the antibiotic ampicillin have been developed to combat the
protective outer membrane of pathogenic Gram-negative bacterium. Other drugs that can

be used are chloramphenicol and streptomycin.
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Periplasm

Inner Membrane

Wzt
Site of A-band ATP
polysaccharide .
syntheses ADP + Pi

Figure 5.3: Cartoon depicting the bio-synthesis of A-band PS. The synthesized A-band PS is then
translocated to the periplasm via an ABC transporter consisting of Wzm and Wzt protein. Here,
Wzm and Wzt are depicted as dimers. This is just for illustration. The real squaternary structures
of these proteins are determined in chapter 6. This figure is adapted from (9).

5.2 ATP-binding cassette (ABC) transporters

ATP-binding cassette (ABC) transporters are the largest and most important family of
membrane transport proteins and are found across species from prokaryote to humans
(10). ABC transporters consists of a highly conserved ATP-binding cassette (ABC)
domain which are also called as nucleotide binding domain (NBD) and a less conserved

transmembrane domain (TMD). To translocate the substrates across the cell membrane,
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the cells require energy and hence ABC mediated transport is an example of active
transport. ATP binds the NBD domain (approximately two hundred amino acid residues)
and energy is released through the hydrolysis of ATP. These proteins use the released
energy to accomplish diverse biological processes in the cell. In bacteria, TMDs and
NBDs are expressed in separate polypeptides, while in many eukaryotes both domains
are expressed in single polypeptide (11). Many ABC transporters are medically relevant.
For example, the function of cystic fibrosis transmembrane conductance regulator
(CFTR), which represents the molecular basis of cystic fibrosis is disrupted (12) due to

mutation.

ABC transporters translocate a wide variety of substrates ranging from small ions
to macromolecules across the cell membrane. Importers are mainly found in bacteria.
Eukaryotes do not possess importers. ABC import systems are mainly involved in
nutrient transport in bacteria. In contrast, the extrusion of noxious substances, the export
of extracellular toxins and the targeting of membrane components are accomplished by
ABC export systems. They are found in all living organisms and in general the TMD is

fused to the ABC domain in a variety of combinations.

The mechanism of ABC transporter begins with the binding of the substrate with
the transporter. The importers in Gram-negative bacteria, which deliver the substrate to

the periplasmic side of the outer membrane, require a periplasmic binding protein (13),
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whereas the exporters recruit their substrates from the cytoplasm. As soon as the
substrate binds the transporter, the affinity for ATP binding on the nucleotide hydrolysis
site increases. It is a prerequisite for the productive transport cycle. The two ABC
cassettes then carry out highly cooperative ATP-binding and hydrolysis reactions (see
Fig. 5.4). The energy released in this process causes conformational changes in the
membrane spanning domain to facilitate the substrate translocation. These changes are
believed to occur at the domain interface through a tailored pathway. After the substrate
has crossed the membrane, the transporter returns to its original state through the

association of ADP and phosphate.

Transmembrane Domain

Membrane

VAN

ATP Binding Cassette

Figure 5.4: Schematic of an ABC transporter. This transproter consists of two transmembrane
domain (TMD) and two ABC domain or NBD found in most of the transporters. The transporters
are required to translocate the substrates across the cell membrane in many biological processes.
This figure is adapted from Locher et al. (14).
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The transporters MDR1 and MRP1 were investigated using electron microscopy
(15) in cellular lipid environment and hence are expected to capture the physiologically
relevant assembly of an ABC transporter. However, the resolution in this study was
insufficient to capture the details of the domain arrangement. The crystal structure of
another ABC transporter, BtuCD, which is responsible for vitamin B12 intake in E. coli
was determined at 3.2 A resolution by Locher et al. (14). This transporter works as a
model system for other transporters and is depicted in Fig.5.3. Despite these advances in
characterization of ABC transpoeters, there are many questions which need attention to
fully understand the mechanism of the ABC transporters. These are: (i) What is the
quarternary structure of ABC transporters in vivo? (ii) How do the ABC cassettes interact
in the fully assembled ABC transporter? (iii) What does the translocation pathway of the
substrate look like through an ABC transporter? (iv) What conformational changes are

involved in coupling ATP hydrolysis to transport across the membrane?

Wzm and Wzt protein togethr constitute the ABC transporter in the Gram-
negative bactrium Pseudomonas aeruginosa, described in the previous section. This
transporter is responsible for translocation the A-band PS synthesised in the cytoplasm of
this bacterium and thus is an important pathway of the biosynthesis of A-band LPS, an
endotoxin. This dissertation describes a method based on FRET in conjuction with
spectrally resolved two-photon microscope to tetermine the stoichiometry and the
quaternary structure of dynamic complexes, which is used to determine the quarternary

structure of Wzm-Wzt transporter in living cells and described in detail in chapter 6.
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Chapter 6. Quaternary structure of the Wzm-Wzt ABC
transporter

ATP-binding cassette (ABC) transporters form a superfamily of membrane transport
proteins that is common to all living organisms (1). As described in chapter 5, ABC
transporters translocate molecules across the cell membrane by utilizing energy released
through the hydrolysis of ATP. In general, it is assumed that the core of an ABC
transporter consists of two transmembrane domains (TMDs) and two or more nucleotide-
binding domains (NBDs) (2-4). TMDs form the translocation pathway for transporting
substrate across the membrane, while the NBDs are involved in ATP binding and

hydrolysis and contain the conserved ABC sequence motifs.

Pseudomonas aeruginosa coexpresses two unique forms of lipopolysaccharide
(LPS) on the outer leaflet of its outer membrane, the common antigen A-band LPS and
serologically variable O antigen B-band LPS (5). For both forms, polysaccharides (PSs)
initially synthesized in the cytoplasm have to be translocated to the periplasm prior to
reaching their final destination, the outer leaflet of the outer membrane, to form LPSs.
The B-band PSs are translocated to the periplasmic face by Wzx (6). The TMD protein
Wzm and the NBD protein Wzt form a bi-component ABC transporter (7-9) in this
bacterium that translocates A-band PSs (5) to the periplasm. Genetic studies showed that
the disruption of either the wzt or wzm gene hinders PS export across the inner
membranes, resulting in accumulation of only the A-band PS in mutants’ cytoplasm (10).

In homology to other bacterial systems, Wzt has one NBD located at its N terminus,
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while the PS binding site is thought to be located at its C terminus (11, 12). Wzm is

thought to provide a passage for PS during the translocation.

As we have seen in chapter 5, Pseudomonas aeruginosa affects patients with
cystic fibrosis and immunocompromised individuals (13, 14). The LPSs represent one of
the main virulence factors which contribute to its pathogenicity (15, 16). The exact
mechanism of PS export by ABC transporters is still unknown (7, 15), and the difficulty
can be traced back to the difficulty of determining the spatial assembly of subunits into

functional ABC transporters.

Advances in the FRET stoichiometry theory (17) together with the advent of
optical micro-spectroscopy technology has led to the development of a FRET imaging
method for the determination of the stoichiometry and relative disposition of the
protomers (i.e., quaternary structure) within a protein complex in living cells (18). In
contrast to standard average-based methods, this method relies on the analysis of
distributions of apparent FRET efficiencies, E,,,, across the image pixels of individual
cells expressing proteins of interest. The most probable quaternary structure of the
complex is identified from the number of peaks in the distribution of FRET efficiencies
and their mutual relationships. Such peaks collectively create a unique fingerprint of a

specific oligomer (quaternary) structure (19), or a “FRET spectrum” of the complex.

In our investigations of various oligomeric proteins, we have observed that

although the E,,, distributions of most cells expressing dynamic protein oligomers may
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present single peaks, the FRET efficiency values corresponding to the maxima of those
peaks do not take on arbitrary values, but cluster themselves about certain values, with
each value corresponding to a single donor/acceptor configuration within an oligomer.
Based on this observation, we used our FRET spectrometry method to determine the
quaternary structure of the Wzm and Wzt homo-oligomers separately as well as that of
their functional hetero-oligomer, the P. aeruginosa ABC transporter. Using CHO cells as
a very competent medium for expression of an ABC transporter, in this chapter, we show
that Wzt forms a rhombus-shaped homo-tetramer, which changes its shape into a square
upon co-expression with Wzm. In its turn, Wzm forms a square-shaped homo-tetramer
whose geometry remains unchanged upon co-expression with Wzt. Based on these
observations we propose two slight variations of a hetero-octameirc model of the

quaternary structure of the Wzm-Wzt transporter from P. aeruginosa.

6.1 Experimental procedure

6.1.1 Gene cloning and plasmid constructs

To construct pcDNA3.1 (+) gfp2-wzm, pcDNA3.1 (+) yfp-wzm, pcDNA3.1 (+) gfp2-wzt,
and pcDNA3.1 (+) yfp-wzt, the plasmids pcDNA3.1 (+) gfp2-M2 and pcDNA3.1 (+) yfp-
M2 (i.e., gfp2 or yfp fused to human muscarinic acetylcholine receptor gene M2, with
alpha7 membrane signal peptide from nicotinic receptor) (a gift from Professor James
W. Wells, University of Toronto), were used in inverse PCR reactions to remove the M2
gene (leaving the alpha7 signal peptide) by using the following two primers: 5 - AAC
ATG GGC GCT ACA AGG TAA TCT AGA GGG CCC- 3" and 5°- CTT GTA CAG
CTC GTC CAT GCC GAG CGT GAT CCC G- 3. The wzm gene was PCR-amplified

from Pseudomonas aeruginosa genomic DNA (P. aeruginosa PAO]1 strain was a gift



149

from Professor Robert E. W. Hancock, University of British Columbia). The PCR
primers are the following: 5°- /Phos/ ATG CTT CTT GGC TTG TCT CGT TCC TTG
TGG GGC- 3" and 5'- ATC CGG TCT AGA CTA GAG TTC ATC CAC CAT TTC-3".
Also, the wzt gene was PCR-amplified from genomic DNA with the following two
primers: 5°- /Phos/ ATG GGA CAG ATA CGC GTA TCC GGC CTC GGC AAG G -3
and 5- GGG CCC TCT AGA TCA TGG AGT GCT CTC CGC GGA AGT G -3
Underlined sequences represent the Xbal sites. All PCR products were gel purified
(Qiagen), digested with Xbal, and then gel purified and ligated to produce the desired
plasmids. pcDNA3.1 (+) gfp2-wzt, pcDNA3.1 (+) yfp-wzt plasmids were used in another
inverse PCR to remove the alpha7 mammalian signal peptide by using the following
primers: 5°- /Phos/ AAG GGC GAG GAG CTG TTC ACC GGG GTG GTG CCC A-3°
and 5°'- /Phos/ GGC GGT ACC AAG CTT AAG TTT AAA CGC TAG CCA G-3". Then,

gel-purified PCR products were self-ligated to produce the desired plasmids.

To construct the untagged wzm gene in plasmid pcDNA3.1 (pcDNA3.1 (+)-wzm),
pcDNA3.1 (+) yfp-wzm was used in an inverse PCR reaction to remove the yfp gene
while leaving the signal peptide intact by using the following primers: 5°- /Phos/ GTA
CAG CTT CCT TTG GAA CTC TCC TTG CAG GGA C-3; and 5'- /Phos/ ATG CTT

CTT GGC TTG TCT CGT TCC TTG TGG GGC-3".

To construct the untagged wzt gene in plasmid pcDNA3.1 (pcDNA3.1 (+)-wzi),
pcDNA3.1 (+) yfp-wzt was used in an inverse PCR reaction to remove the yfp gene by

using the following primers: 5°- /Phos/ GGC GGT ACC AAG CTT AAG TTT AAA
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CGC TAG CCA G-37; and 5°- /Phos/ ATG GGA CAG ATA CGC GTA TCC GGC CTC

GGC AAG G-3'. All engineered plasmids were checked by DNA sequencing.

6.1.2 Expression of fluorescently-tagged Wzm and Wzt in mammalian
cells

The fusion proteins GFP,-Wzm, GFP,-Wzt, YFP-Wzm and YFP-Wzt were transiently
expressed in CHO cells, singly or in combination, by transfection with pcDNA3.1 (+)
gfp2-wzm, pcDNA3.1 (+) yfp-wzm, pcDNA3.1 (+) gfp2-wzt, or pcDNA3.1 (+) yfp-wzt
using Lipofectamine 2000 (Invitrogen,USA), according to the manufacturer’s directions
and as recently described by Pisterzi et al. (20). Briefly, CHO-S cells were maintained in
DMEM with 10% fetal bovine serum and 1% non-essential amino acids. Cells were
seeded in 6-well plates at approximately 40% confluency and cultured overnight. Plasmid
DNA and Lipofectamine were diluted in Opti-MEM medium (Invitrogen, USA), then
added to cells. We used 2 pg DNA for a single-plasmid transfection reaction and 1 to 4
ug of each plasmid in co-transfection reactions. Cells were cultured for 36 hours. The cell
growth medium was removed and 250 pl of Opti-MEM was added to each well of the 6-
well plates. For imaging and FRET analysis, the cells were manually removed from the
dishes using cell scrapers. Control reactions included single-plasmid transfections and

mock transfections (i.e., no DNA).

6.1.3 Optical micro-spectroscopy
Spectrally resolved fluorescence images were acquired at room temperature using a two-
photon microscope with spectral resolution constructed in-house (18). The excitation

light was provided by an ultrashort-pulse (modelocked) Ti: Sapphire laser (KM Labs,
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Boulder, CO), running at 80 MHz, and tunable from ~750 to 820 nm. The laser light was
focused with an infinity-corrected Plan Apochromat objective (X100 magnification,
NA=1.4, oil immersion; Nikon Instruments, Melville, NY) and raster-scanned across the
sample using galvanometric scanners (Nutfield Technology, Hudson, NH). A non-
descanned detection scheme was used, in which the emitted fluorescence was projected
through a transmission grating onto a cooled electron-multiplying CCD (EMCCD)
camera with single-photon sensitivity (Andor, iXon 897). In this manner, full spectral
information was obtained from each sample voxel on a time scale much shorter than that
which would correspond to molecular diffusion. This is a critical feature when using a

two-photon microscope for molecular imaging in live cells.

6.1.4 Selection of FRET pairs

GFP, was used as a donor of energy, since it has a single-photon excitation maximum at
~400 nm (21) and hence a two-photon excitation at ~800 nm (18). This choice matches
perfectly the center wavelength of our Ti: Sapphire laser which was set to ~800 nm and a
full-width half maximum (FWHM) of ~30 nm. In addition, GFP2 (by contrast to the
more popular variant eGFP) has a large Stokes shift, which allows one to avoid acceptor
direct excitation in a FRET experiment. YFP was used as an acceptor, since its excitation
spectrum overlaps perfectly with the donor emission (22). Moreover, YFP has a two-
photon excitation maximum at ~1024 nm and it therefore cannot be directly excited by
the laser light used to excite GFP,. To prevent nonspecific oligomerization caused by the
slight propensity of GFP variants to oligomerize, the A206K mutation (23) was included

in our fluorescent protein sequences.
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6.1.5 Emission spectra

CHO cells expressing either GFP,-tagged or YFP-tagged proteins were placed on a
microscope slide and covered with a cover slip. Spectral images of the GFP,-expressing
cells were obtained by using laser light with an average power of ~25 mW at the entrance
of the microscope. Emission spectra obtained from several cells expressing GFP, were
averaged and normalized with respect to their maximum emission intensities to obtain the
normalized spectrum of the GFP, donor (D). To obtain the emission spectrum of YFP,
CHO cells expressing YFP were excited with laser light with a red-shifted spectrum
(centered about 820 nm) and twice the average power, which increased the excitation rate
of YFP several-fold (24); this was necessary since YFP does not absorb efficiently at 800
nm. Spectral images were obtained from cells showing high levels of YFP expression (as
judged from their overall emission). Since the emission intensities of the cells expressing
YFP were much lower than those expressing GFP,, the auto - fluorescence of the cells
also contributed to the spectrum of the YFP which was observed in the lower
wavelengths of the spectrum. To correct for this spurious contribution, the YFP spectrum
was fitted to a sum of three Gaussians: a broad Gaussian corresponding to the cellular
auto-fluorescence, as determined from mock-transfected cells, and two closely-spaced
Gaussians corresponding to the maximum plus a shoulder normally seen in the spectrum
of YFP. We corrected the YFP spectrum by subtracting the Gaussian which fits the auto-
fluorescence part of the spectrum from the measured spectrum. The corrected YFP
spectra were averaged over many cells expressing YFP, and the resulting spectrum was
normalized with respect to its maximum emission intensity to obtain the normalized (or

elementary) acceptor (A) spectrum.
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6.1.6 Image analysis and FRET efficiency determination

CHO cells were transfected to co-express GFP,-tagged and YFP-tagged proteins to
determine whether they self-associate to form oligomers. Spectral images obtained from
cells co-expressing GFP,-tagged and YFP-tagged proteins were unmixed to obtain
separate donor (denoted by k) and acceptor (k'”) images, as described in detail in

chapter 4 or elsewhere (18, 22). The apparent FRET efficiency (£,,,) distribution in a

given optical section of the imaged cell was determined for each image pixel using k™
and &'? and the equation:
QAkPAwP -1
Epp = |1 +—+—| , (6.1)
pp QD kADyA

where w' and w” are the integrals of the measured elementary spectra of A and D,
respectively. 0” and Q" are the quantum yields of D and A, respectively (18, 19), and
their values (O” = 0.55 and 0" = 0.61) were obtained from the literature (21, 22). All the
computations were performed using the Matlab program (The MathWorks, Inc., USA).
Pseudo-FRET efficiencies for pixels showing only background noise were avoided by
rejecting all the gray levels not exceeding a value of 2.5% of the maximum emission

intensity in the £,,, calculations.

6.1.7 Distributions of FRET efficiencies

The number of image pixels that fell into a particular range of E,,, values was plotted
against the corresponding E,,, values to obtain the distribution of FRET efficiencies in
the cell, which is referred to here as “the E,,, histogram.” About 90% of the cells showed
single peaks and the rest showed multiple peaks in their E,,, histograms. The use of

histograms for representing the FRET data allows one to discriminate between FRET
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caused by specific interactions between the protein of interest and unwanted stochastic
FRET that is caused by simple molecular agglomeration, if any (25). About 5% of all the
imaged cells and for which E,,, histograms were determined were not considered in our
analysis. These fall into two categories. The cells in the first category, which represents a
minute fraction of the cells not considered for analysis, showed single peaks in their
histogram with their peak position occurring at very large values of E,,, compared to the
rest of the cells, and were therefore considered outliers. This occurred in cells that
appeared to express unusually high concentrations of Wzt tagged with YFP. We believe
this was caused by direct excitation with laser light. The second category of spurious
signals came from cells with emission intensities that exceeded the threshold value of
2.5% of the maximum intensity for those individual cells, but their overall intensities
were barely exceeding the background noise level. Subsequent analysis of the histograms
that passed all the quality checks was dependent on whether they showed single or

multiple peaks, and was performed as described in the next section.

6.1.8 Estimation of the protein expression level

From the fluorescence of the donor in the presence of acceptor (kDA) and the fluorescence
of acceptor in the presence of donor (k*”) , we computed the fluorescence of the donor in
the absence of acceptor using the formula F? = kP4w? + k4PwAQP /Q4, where all the
symbols are as defined above. Then we calculated the average donor fluorescence in the
absence of FRET. In order to obtain an order of magnitude estimate of the donor
concentration inside the cells, we used the following expression, derived from the
expression for the number of photons generated by a two-photon absorption process

(24):
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C, (6.2)

where C is the molar concentration, F is the average fluorescence intensity of the donors
in the absence of energy transfer, o is the two-photon absorption cross-section, Q is the
quantum vyield, 7d is the pixel dwell time of the scanning system, P is the average
excitation light power, f is the repetition rate of the laser pulse, t is the laser pulse
duration (of the order of 10 to 100 fs), and 4., is the excitation wavelength, while the
subscripts s and x stand for standard solution and for the unknown concentration (of
donor-tagged molecules). The average fluorescence intensity of a fluorescent standard
consisting of an aqueous solution of YFP (10 uM concentration) was determined using a
separate Zeiss Axio Observer (Zeiss, Thornwood, NY) microscope equipped with an
OptiMiS™ module (Aurora Spectral Technologies, Bayside, WI) and an ultrashort-pulse
laser (MaiTai™, Spectra Physics, Santa Clara, CA) tuned to 960 nm. The solution of
YFP was prepared as described elsewhere (26). The absorption cross sections and the

quantum yields were obtained from the literature (27, 28).

6.1.9 Analysis of E,,, histograms

Of all the cells analyzed that co-expressed either GFP,-Wzt and YFP-Wzt or GFP,-Wzm
and YFP-Wzm, a large majority (see Results section) exhibited single peaks located at
various positions along the horizontal axis (i.e., E,p,), while some showed multiple, and
often overlapping peaks in their E,,, histograms. The E,,, distributions for cells
presenting only one peak were fitted to single Gaussian functions. Some cells, which
presented broad E,,, distributions with dominant peaks, were also considered for

analysis, with their dominant peaks fitted to Gaussian functions. The peak positions from
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individual histograms were binned and collected in “meta-histograms” representing the
total number of peak positions obtained for each E,,, value (in intervals of 0.02). The
five or three clearly distinct peaks in the meta-histograms (see for instance Figs. 6.3C and
6.4C) were simulated using five or three Gaussian functions respectively, with the
location on the horizontal axis of their maxima predicted by either a rhombus-shaped
tetramer model (as depicted in, e.g., Fig. 6.3D) or a square tetramer (see Fig. 6.4D).
Details about the derivations of the expressions for the peak positions for these models
are given elsewhere (18, 19). The fitting of the simulated curves to the experimental ones
consisted of minimizing the mismatch between experimental and simulated data by

adjusting a number of parameters, as described next.

(7) The exact value of the pair-wise FRET efficiency (£,), which determines the position
of all peaks in a histogram (according to expressions given in Figs. 6.3D and 6.4D),
depends on the distance between individual donors and acceptors within the protein
complex, relative to the magnitude of the Forster radius corresponding to the FRET pair
used. £, was therefore considered to be an adjustable parameter in the data fitting
process, which determined the positions of all five Gaussians predicted by the rhombus-
shaped tetramer model (Fig. 6.3D) or all three Gaussians predicted by the square-shaped

tetramer model (Fig. 6.4D).

(if) The width of each Gaussian in the meta-histograms accounts for variations from cell
to cell due to pH, viscosity, or other factors that may alter the properties of the

fluorescent probes and their rotational diffusion rates; the widths of the individual peaks
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in the meta-histogram were therefore adjusted independently of each other in the fitting

process.

(iii) Finally, the amplitudes of the peaks depend on the number of instances each donor-
acceptor configuration is observed in all the cells. For a large population of cells imaged,
the average D to A concentration ratio should approach unity if the transfection ratio
varies randomly from cell to cell. This would allow one to control the amplitudes for each
of the individual peaks in the meta-histogram. However, it is entirely likely that we
systematically underestimated instances when high FRET efficiency values where
present in individual E,,, histograms, due to the fact that peaks corresponding to higher
values of FRET efficiencies were usually broader and had lower amplitudes, which may
have caused them to be masked by peaks corresponding to lower values of FRET
efficiencies. Therefore, the peak amplitudes were used as independently adjustable

parameters, and no significance was ascribed to them in the present analysis.

6.2 Results

6.2.1 Cytoplasmic Wzt and membrane-bound Wzm interact at the
plasma membrane

From many bioinformatics servers, including NCBI (ncbi.nlm.nih.gov) and ExPASy
(expasy.org), we found that the Wzm and Wzt proteins possess no domains or motifs that
can be targeted for modification by eukaryotic cellular machinery or exhibit any signal
for organelle localization. Hence, we chose Chinese hamster ovary (CHO) cells as a
model system to study the interaction of Wzm and Wzt proteins. CHO cells are readily

transfected to transiently express proteins of interest using standard techniques in the
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absence of PS. Moreover, the significantly larger size of CHO cells compared to most

bacteria makes them suitable for pixel-level FRET studies.

Before probing the quaternary structure of Wzm and Wzt, we wanted to confirm
their cellular localization. We fused the fluorescent protein GFP; (21) to their N termini
and expressed them individually in CHO cells, which were then subjected to two-photon
excitation using our home-made two-photon microscope with spectral resolution (or
optical micro-spectroscopy system) (18). Fluorescent images of different optical sections
of the CHO cells expressing GFP,-Wzm or GFP,-Wzt fusion proteins were collected at
~508 nm, the wavelength at which the intensity of the GFP, emission spectrum is at its
maximum (Fig. 6.1). The consecutive sections of these cells are 3 pm apart (i.e., close to
the limit of the axial resolution of the two-photon microscope). The fluorescence in the
CHO cell expressing GFP,-Wzm originates mainly from annular regions, consistent with
the localization of this protein at the level of the plasma membrane (Fig. 6.1, upper
panels), while the fluorescence in the CHO cell expressing GFP,-Wzt is distributed
throughout the cytoplasm (Fig. 6.1, bottom panels). The dark pockets in some sections
are probably the organelles of CHO cells that are voiding the fluorescence. From these
images, we concluded that Wzm is targeted to the cellular membrane whereas Wzt

localizes in the cytoplasm.

10um

10um
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Figure 6.1: Localization of Wzm and Wzt proteins in optical sections of Chinese hamster ovary
(CHO) cells as detected by a two-photon microscope with spectral resolution. The top row
displays fluorescence images (at 508 nm) of seven sections from top to bottom of a CHO cell
expressing Wzm protein fused to the green fluorescent protein variant GFP,. The bottom row
displays fluorescence images (at 508 nm) of sections, from top to bottom, of a CHO cell
expressing Wzt protein fused to GFP,. Consecutive sections of these cells were 3 wm apart, which
is roughly within the axial resolution of the two-photon microscope. Vertical scale bar indicates
fluorescence intensity, in arbitrary units.

In order to probe the mutual interaction of Wzm and Wzt, we expressed fusion
proteins GFP,-Wzm and YFP-Wzt — where YFP was the yellow variant of the green
fluorescent protein GFP (29) — separately or in combination in CHO cells, and imaged
them using a two-photon microscope with spectral resolution (18). The cells expressing
only GFP,-Wzm or only YFP-Wzt were imaged to obtain elementary spectra of GFP,
and YFP, respectively. In the cells co-expressing both fusion proteins, GFP, (21) was
directly excited by laser light and acted as a donor (D) of energy, while YFP (29) acted as
an acceptor (A) in a FRET process (30-32) and was almost completely insensitive to
excitation by laser light under the conditions that excite GFP,. Spectral images obtained
from cells co-expressing GFP,-Wzm and YFP-Wzt were unmixed (see the experimental
procedure section) to obtain the fluorescence of donors in presence of acceptors (k') and
the fluorescence of acceptors in presence of donors (k*). From k”* and k", the apparent
FRET efficiency (E,,,) for every image pixel was determined as described briefly in the
experimental procedure section, and in more detail elsewhere (18, 22). Typical results
shown in Fig. 6.2 indicate that Wzt and Wzm interact in living cells to form complexes at
the plasma membrane, as evidenced by FRET occuring mostly at the plasma membrane

but also in regions possibily occupied by intracellular membranes (such as the ER, Golgi,
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and transport vesicles). Analysis of these data alone is insufficient to extract detailed
structural information regarding the complexes. However, such data do provide critical
evidence for the interaction between Wzm and Wzt at the level of the plasma membrane,

which will be used below in elucidating the structure of the entire hetero-oligomer.

TOP SEC1 SEC2 SEC3 SEC4 SECS BOTTOM

Figure 6.2: Mapping the spatial distribution of complexes of Wzm and Wzt proteins in thin
(3pm) optical sections through a CHO cell co-expressing Wzm proteins tagged with GFP, as a
donor, and Wzt proteins tagged with YFP as an acceptor. Two-dimensional spatial distribution
maps of fluorescence of donors in presence of acceptors (k”) and the fluorescence of acceptors in
presence of donors (k'”) were obtained from spectral unmixing, while the apparent FRET
efficiency (E,,,) map was calculated from k”* and k*” for every pixel (see text for details).

6.2.2 The quaternary structure of Wzt in the absence of Wzm

CHO cells were transfected to express the fusion proteins GFP,-Wzt and YFP-Wzt,
separately or in combination at varied plasmid ratios (i.e.,GFP»,-Wzt to YFP-Wzt in 3 to
1,2 to 2 or 1 to 3 ratio) , and imaged as described above. The apparent FRET efficiency
(Eq4pp) for every image pixel was determined and a distribution of FRET efficiencies (or
the £, histogram) for each cell imaged was obtained by plotting the number of pixels
that fell into a particular range of E,,, values against the corresponding E,,, value (Fig.
6.3). Of all the cells co-expressing GFP,-Wzt and YFP-Wzt that were analyzed, roughly

90% exhibited single peaks located at various positions along the horizontal axis (i.e.,
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E.»p), while about 10% showed multiple peaks in their E,,, histograms. The two-
dimensional E,,, maps for representative cells expressing Wzt proteins and their
corresponding E,,, distributions are shown in Fig.6.3A-B. The E,,, distributions for cells
presenting only one peak were fitted to single Gaussian functions. Some cells, which
presented broad E,,, distributions with dominant peaks, were also considered for
analysis, with their dominant peaks fitted to Gaussian functions. The best-fit curves
provided individual peak positions, that is, E,,, values corresponding to the distribution
maxima (Fig. 6.3B). The E,,, distributions presenting multiple peaks were analyzed

separately (see below).

Peak positions from single-peaked histograms acquired from 380 cells expressing
Wzt in the absence of Wzm were binned and collected in “meta-histograms” representing
the total number of peak positions obtained for each E,,, value (in intervals of 0.02). As
seen from Fig. 6.3C, the meta-histogram showed five distinct peaks, which means that
the peak positions obtained for individual histograms did not vary over a continuum of
E,,p values but rather clustered around five distinct values each corresponding to a
different tetrameric configuration in individual cells. The five peaks in the meta-
histograms (Fig. 6.3C) were simulated using five Gaussian functions, with the location on
the horizontal axis of their maxima accurately predicted by a rhombus-shaped tetramer
model (18, 19) depicted in Fig. 6.3D. According to this model, the positions of all five
peaks in the meta-histogram may be computed from a single £,,, value, which is termed
the “pair-wise FRET efficiency” (E,) and, incidentally, corresponds to the second peak in

the meta-histogram shown in Fig. 6.3C. (see Fig. 6.3D for mathematical expressions
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corresponding to each peak position). The fitting process consisted of minimizing the
mismatch between experimental and simulated data by adjusting E, as well as the
amplitudes and widths of the Gaussian functions. A detailed justification of this fitting

approach is provided in the Experimental Procedures section above.
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Figure 6.3: Homo-oligomerization of Wzt expressed in CHO cells in the absence of Wzm. A.
Apparent FRET efficiency (£,,,) maps of representative cells expressing Wzt. B. Distributions of
FRET efficiencies (E,,, histograms) across the pixels composing the FRET efficiency maps
shown in panel A. C. The peak positions of 380 cells showing single or dominant peaks in their
corresponding E,,, histograms were binned and used to form meta-histograms (circles), and then
fitted simultaneously to five correlated Gaussians shown individually (red, green, cyan, brown,
and blue lines) or as a sum (black line). The five peaks in the meta-histogram correspond to
different configurations of a rhombus-shaped tetramer shown in panel D. The peak positions of
the five simulated Gaussians were determined from a single adjustable parameter, the pair-wise
FRET efficiency (E,) (see equations in panel D). The best fit was obtained for £, = S.D. equal to
0.139 £0.013. D. A rhombus-shaped tetramer model used to interpret the results in panel C. E,, is
the pair-wise FRET efficiency between a single donor (D) and a single acceptor (A).

6.2.3 The quaternary structure of Wzt in the presence of untagged
Wzm

To investigate whether the presence of Wzm affects the stoichiometry and quarternary

structure of Wzt, CHO cells were transfected to coexpress GFP,-Wzt, YFP-Wzt and
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untagged Wzm, and imaged to obtain E,,, histograms for each cell. As in the experiments
described above, the E,,, histograms of about 90% of the cells showed single peaks,
while the rest showed broader distributions. Typical results for cells expressing Wzt in

the presence of untagged Wzm are presented in Fig. 6.4.
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Figure 6.4: Homo-oligomerization of Wzt expressed in CHO cells in the presence of untagged
Wzm. A. Apparent FRET efficiency (£,,,) maps of representative cells expressing Wzt in the
presence of Wzm. B. Distributions of FRET efficiencies (£, histograms) across the pixels
composing the FRET efficiency maps shown in panel A. C. Meta-histogram obtained by
accumulating the peak positions of 87 cells presenting single or dominant peaks in their E,,,
distributions (circles) and theoretical best-fit to three correlated Gaussians shown individually
(red, green, and brown lines) or as a sum (black line). The three peaks in the meta-histogram
correspond to different configurations of a square-shaped tetramer shown in the same order in
panel D. The best-fit was obtained for £, + S.D. equal to 0.17 £ 0.016. D. Square-shaped tetramer
model used to interpret the results in panel C. E, is the pair-wise FRET efficiency between a
single donor (D) and a single acceptor (A).

The peak positions for the singly-peaked histograms and broad histograms
showing dominant peaks were collected, binned, and plotted against E,,,. The meta-
histogram thus obtained and its best-fit to a sum of three Gaussians are shown in Fig.

6.4C, while the three configurations of a square tetramer model used to simulate the
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histogram are shown in Fig. 6.4D. In contrast to the model describing Wzt homo-
oligomers in the absence of Wzm, the square-shaped tetramer correctly described this

experimental meta-histogram.

6.2.4 The quaternary structure of Wzm in the absence or in the
presence of untagged Wzt

To determine the quaternary structure of Wzm, CHO cells were transfected to express
fusion proteins GFP,-Wzm and YFP-Wzm in the absence or presence of untagged Wzt
and were imaged to obtain pixel-level distributions of E,,, for each individual cell. Here
again, the E,,, histograms of most cells expressing Wzm in the absence of Wzt presented
single peaks, while some presented multiple peaks. Typical data for the cells expressing
Wzm proteins are shown in Fig. 6.5. Tails towards high E,,, values were seen in almost
all the histograms, suggesting the presence of small and poorly defined peaks at high E,,,
values. The meta-histogram obtained by collecting and binning the peak positions of the
single-peaked E,,, histograms or the dominant peaks in broad and multi-peaked
histograms and its theoretical best-fit to a sum of three Gaussians is shown in Fig. 6.5C.
The peak positions of the individual Gaussians in the meta-histogram correspond to the
apparent FRET efficiencies of different configurations of square-shaped tetramers as

shown in Fig. 6.5D.
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Figure 6.5: Homo-oligomerization of Wzm expressed in CHO cells in the absence of Wzt. A.
Apparent FRET efficiency (E,,,) maps of representative cells expressing Wzm. B. Distributions
of FRET efficiencies (£,,, histograms) across the pixels composing the FRET efficiency maps
shown in panel A. Most histograms presented single peaks, although those with peaks at lower
values also present tails at higher E,, values. C. Meta-histogram obtained from the peak
positions of 240 cells presenting single or dominant peaks in their E,,, distributions (circles) and
their theoretical best-fit to three Gaussians shown individually (red, green and brown lines) or as
a sum (black line). The three Gaussians correspond to different configurations of square-shaped
tetramers shown in the same order in panel C. The best fit was obtained for £, + S.D. equal to
0.12140.010. D. Square-shaped tetramer model and its corresponding expressions for FRET
efficiencies used to interpret the results in panel C. E,, is the pair-wise FRET efficiency between a
single donor (D) and a single acceptor (A).

Similarly, the Wzm oligomeric structure in the presence of Wzt was also
investigated, and typical results are shown in Fig. 6.6. Analysis of the meta-histogram
obtained from such cells revealed that Wzm forms square-shaped tetramers in the

presence of untagged Wzt (Fig. 6.6C).
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Figure 6.6: Homo-oligomerization of Wzm expressed in CHO cells in the presence of untagged
Wzt. A. Apparent FRET efficiency (£,,,) maps of representative cells expressing Wzm in the
presence of Wzt. B. Distributions of FRET efficiencies (£,,, histograms) across the pixels
composing the FRET efficiency maps shown in panel A. The majority of cells presented single
peaks, with minor tails at higher E,,, values. C. Meta-histogram obtained from the peak positions
of 210 cells presenting single or dominant peaks in their E,, distributions (circles) and
theoretical best-fit to three correlated Gaussians shown individually (red, green and brown lines)
or as a sum (black line). The three Gaussians correspond to different configurations of a square-
shaped tetramer shown in the same order in panel D. The best-fit was obtained for E, + S.D. equal
to 0.1214+0.010. D. Square-shaped tetramer model and its corresponding expressions for FRET
efficiencies used to interpret the results in panel C. E,, is the pair-wise FRET efficiency between a
single donor (D) and a single acceptor (A).

6.2.5 Confirmation of the quaternary structure from analysis of cells
presenting broad E,,, distributions

Using either the rhombus-shaped tetramer or the square-shaped tetramer model, we
simulated the distribution of FRET efficiencies for individual cells showing multiple
peaks (~10% of the total population of cells). The E, values for individual cells were
allowed to vary between E,-S.D. and E,+S.D. as determined from the meta-histogram
analysis (Figs. 6.3C, 6.4C, 6.5C and 6.6C). The theoretical best-fits of the cells showing
multiple peaks in their E,,, distributions are shown in Fig. 6.7. The different Gaussians

correspond to the different configurations of the tetramers depicted in Figs. 6.3D and
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6.4D, respectively. Variations in the FRET efficiency due to the relative orientation of
the donor and acceptor transition dipoles, as well as smearing of the FRET distributions
due to the point spread function of the microscope, influence the width of individual
Gaussians. Because of this, here again, the widths of the Gaussians were adjusted
independently of each other in the process of data fitting. Following this procedure, an
agreement between the quaternary structure models and the experimental results was
obtained as follows: the rhombus-shaped tetramer for Wzt in the absence of Wzm
(Fig.6.7A), and the square tetramer for Wzt in the presence of Wzm (Fig. 6.7B), Wzm in
the absence of Wzt (Fig.6.7C), and Wzm in the presence of Wzt (Fig. 6.7D). This is
similar to the results of the analysis of meta-histograms obtained from single-peaked
histograms. As for the observation that the £, histograms of most cells exhibited single
peaks (corresponding to single combinations of donors and acceptors in the cell) while
some exhibited multiple peaks (corresponding to multiple D-A combinations), an

explanation will be attempted in the DISCUSSION section.



168

>
@]

600

Number of Pixels
3
o
Number of Pixels

E

app

»400 - 400 -

2300 - 2300

o o

©200 | ©200

2 2

£100 - £100

=] -.:h__ " =

=z 0 e 1 Q.S =z 0é SR
00 01 02 03 04 05 00 01 02 03 04 05

Eapp Eapp

Figure 6.7: Determination of the quaternary structure of Wzt and Wzm expressed in CHO cells
showing multiple peaks in their Eapp histograms. A. E,,, histogram of a cell expressing Wzt in
the absence of untagged Wzm (circles) and theoretical best-fit (for £, = 0.143) to five Gaussians
shown individually (red, green, cyan, brown, and blue lines) corresponding to different
configurations of the rhombus shaped tetramer shown in Fig. 6.3D or as a sum (black line). B.
E,p, histogram of a cell expressing Wzt in the presence of untagged Wzm (circles) and theoretical
best-fit (for £, = 0.180) to three Gaussians shown individually (red, green and brown lines)
corresponding to different configurations of a square shaped tetramer shown in Fig. 6.4D or as a
sum (black line). C. E,,, histogram of a cell expressing Wzm in the absence of untagged Wzt
(circles) and theoretical best-fit (for £, = 0.135) to three Gaussians shown individually (red, green
and brown lines) corresponding to different configurations of square shaped tetramer of Fig. 6.5D
or as a sum (black line). D. E,,, histogram of a cell expressing Wzm in the presence of untagged
Wzt (circles) and theoretical best-fit (for £, = 0.135) to five Gaussians shown individually (red,
green and brown lines) corresponding to different configurations of square shaped tetramer of
Fig. 6.6D or as a sum (black line).

6.2.6 Reliability of the pixel-level FRET method
As seen above, determinations of the quaternary structure of Wzt in the absence or
presence of Wzm, and of that of Wzm in the absence or presence of Wzt were based

primarily on FRET efficiency meta-histograms (obtained from the peak position of
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single-peaked histograms or multi-peaked histograms exhibiting dominant peaks) and
their best-fit to different theoretical models. Analysis of the smaller number of
histograms presenting multiple peaks provided additional support to the quaternary
structure model. Since all the results presented above relied heavily on the assumption
that one peak in the meta-histogram corresponds to one oligomeric configuration, it was
important to assess the validity of this assumption. To this end, we transfected CHO cells
with plasmids encoding an artificial tetrameric construct consisting of three Venus
molecules (a yellow variant of GFP, here serving as the FRET acceptor), and a Cerulean
molecules (a cyan variant, here serving as the FRET donor); this construct is denoted
herein by VCVV. The plasmids were a generous gift from Dr. Steven Vogel of NIH and
were described and characterized in detail elsewhere (33). Analysis of cells expressing
this construct was carried out the same way as for Wzm- and Wzt-expressing cells. As
expected, the individual histograms of all cells expressing VCVV presented a single
peak. By collecting and binning all those peaks, we obtained the meta-histogram shown
in Fig. 6.8, which shows a clearly identifiable single peak. This is in agreement with our
assumption that one tetrameric configuration corresponds to one peak in the meta-
histogram, and demonstrates that our method of analysis does not introduce spurious
peaks in the meta-histogram. We conclude that the multiple peaks obtained for Wzm and
Wzt must indeed originate from different combinations of donors and acceptors within a

rhombus- or square-shaped tetramer.
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Figure 6.8: Meta-histogram obtained from peak positions of individual E,;, histograms for CHO
cells expressing an artificial tetramer (circles) consisting of three acceptors (Venus) and one
donor (Cerulean) (33). The solid line represents the theoretical best-fit to a single Gaussian.

6.2.7 Order-of-magnitude estimate of the two hetero-tetramers
concentration

Using a reference solution consisting of 10 uM YFP and the average fluorescence
intensity of donors corrected for loss through FRET ( FP), we first estimated the molar
concentrations for Wzm and Wzt separately. For, instance for the cells shown in Fig. 6.4
(for Wzt) and Fig. 6.6 (for Wzm), the molar concentrations of donor-tagged molecules
were on the order of 10 nM. Then, using an approximate radius value of 10 um for a
CHO cell, we estimated the Wzm or Wzt concentrations to be on the order of a few
hundred thousand molecules per cell. For all the cells imaged in this study, the numbers
varied between a hundred thousand and one million molecules per CHO cell. For a P.
aeruginosa cell, shaped as a rod of diameter of about 700 nm and length of 2 pum, this is
the equivalent of a few tens to a few hundreds of molecules per cell. Given the quaternary
structure of these proteins we just determined, we estimate the number of Wzt and Wzm

tetratemrs to be on the order of a few to a few tens per cell.
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6.3 Discussion

6.3.1 Why the individual histogram peaks are broader than those of
meta-histograms

Visual comparison between the individual peaks in the meta-histograms shown in Fig.
6.3-6.6 and the individual peaks of the multi-peaked histograms (Fig. 6.7) revealed that
the widths of the individual peaks in multi-peaked histograms were vastly wider than
those of the meta-histograms. The width of each Gaussian in the meta-histograms
accounts for variations from cell to cell due to pH, viscosity, or other factors that may
alter the properties of the fluorescent probes and their rotational diffusion rates, while the
distributions of E,,, values accounting for the widths of the peaks in E,,, histograms
showing single peaks or individual peaks of E,,, histograms showing multiple peaks were
caused by two main factors: (a) changes in relative orientations of the individual
transition dipoles of donors and acceptors undergoing rotational diffusion during the
process of measurement, and (b) mixing of signals between adjacent tetramers (or
possibly between tetramers and free monomers) due to image-blurring effects caused by
the point spread function of the instrument. Numerical simulations suggest that the
second effect should be stronger for higher concentrations of molecules (25). Both of
these effects add significant blur to individual histograms, which is cleared away by the
method based on generation of meta-histograms introduced in this paper. This allowed us
to clearly resolve the fine structure of the E,,, histograms — as if we were using an
imaging method with super-resolution — and thus determine the structure of the Wzm and

Wzt oligomers.
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6.3.2 Proposed structural model for the ABC transporter

The FRET analysis described above indicates that the cytoplasmic Wzt protein forms a
rhombus-shaped tetramer in the absence of the transmembrane domain Wzm, but changes
its shape into a square-shaped tetramer in the presence of Wzm. By contrast, Wzm forms
a square-shaped tetramer whether Wzt is present or not. In addition, we have
demonstrated that the Wzm and Wzt oligomers interact with one another to form a
hetero-oligomer. Based on these results, we are now ready to formulate a model for the
supramolecular assembly of the Pseudomonas aeruginosa ABC transporter for
polysaccharides, which consists of one Wzm homo-tetramer on top of one Wzt homo-
tetramer, creating a hetero-dimer of homo-tetramers, or a hetero-octamer. Some
ambiguity remains with regard to whether each protomer in the Wzm tetramer interacts
with a single protomer in the Wzt tetramer and thus forms a head-to-head structure, or a
Wzm protomer interacts with two adjacent Wzt protomers thereby forming an interlaced
structure (Fig. 6.9). The two configurations differ from each other through a 45° rotation
of the Wzt and Wzm tetramers relative to each other and around a common axis
perpendicular to the membrane. Further biochemical work will be necessary to determine
the specific interactions sites that would be needed in order to choose one configuration

over the other.
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Figure 6.9: Two versions of the hetero-octameric model proposed for the quaternary structure of
the Wzm-Wzt ABC transporter. A. Four units of Wzm interacting with four units of Wzt face-to-
face. B. Four units of Wzm are interlaced with four units of Wzt.

6.3.3 Considerations regarding the stability of the complexes

Additional information regarding this octamer may be gleaned from the observation that,
while most of the cells presented single-peaked FE,,, histograms, a small fraction
presented multiple peaks. In other words, while for most cells, the proportion of donors
and acceptors was on average the same in each homo-tetramer (of Wzm or Wzt), for

some cells all three (for square tetramer) or five (for rhombus tetramers) peaks were



174

present. This difference in composition suggests that the observed structures are dynamic
and that the individual monomers may associate or dissociate reversibly. The fact that the
histograms of some cells presented all the peaks suggests that the association/dissociation
process is slow and those cells had not expressed the protein tetramers for a length of

time sufficient to allow full randomization of their composition.

6.3.4 Comparison of the present results to other studies

The discovery that Wzm and Wzt form interacting tetramers is not an unusual finding in
the study of ABC transporters. Indeed, several ABC transporters have been reported to
associate into either dimers or multimers. For example, the human multidrug resistant
half transporter MRP1 (34), human cystic fibrosis transmembrane conductance regulator
(CFTR) (35) and the yeast Pdr5p full transporter (36) have been reported to form dimers.
Recently, the multidrug resistant half-transporter human breast cancer protein, ABCG2,
was purified as a tetramer (37). Similarly, human ABCA1 transporter exists in intact
fibroblasts as a homo-tetramer or even higher oligomerization states (38). Finally, the bi-
component ABC transporter protein BtuCD involved in vitamin B, uptake in E. coli —
consisting of the homo-dimeric transmembrane protein BtuC and a homo-dimeric
nucleotide-binding protein, BtuD — appears to form a hetero-tetramer (39) and serves as a
paradigm for all other bacterial ABC transporters. All these studies were done in vitro
and most of them were limited to the determination of the size of oligomers. Unlike those
approaches, the spectrally-resolved FRET used in this study allowed us to determine the
stoichiometry of a bi-component bacterial ABC transporter in living cells. We determined

the oligomer size of each component as well as their quaternary structure in vivo and,
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based on these observations, proposed a quaternary structure model which is different

from the model proposed for the transporter BtuCD in E. coli.

6.3.5 Significance of the present results

At this point, the question that remains is how would tetramerization of Wzt or Wzm be
relevant to substrate or even its translocation? Unlike the ABC transporters mentioned in
the previous paragraph, which mostly traslocate drugs or ions, the ABC transporter
formed by Wzm and Wzt translocates a relatively large substrate, the A-band PS. The A-
band PS sugar chain is a homopolymer of D-Rhamnose of approximately 70 monomers
(40), giving it the length of ~28 nm, assuming an extended form of the polymer with a
0.4 nm per monomer. In fact, recent atomic force microscopy (AFM) studies have shown
that the A-band PS can be up to ~36 nm long (41). In light of this, higher order
oligomerization of Wzm and Wzt might be required for the translocation of the PS
substrate. The Wzt tetramer could provide multiple binding sites for the long or bulky PS
substrate. In analogy, the biochemical studies on the homo-tetrameric human ABCAI
led to the proposal that multiple binding sites exist for its substrates (38). Wzm is
supposed to from a channel to facilitate the passage of PS across the membrane. It is
conceivable therefore that Wzm being a tetramer can from an accommodating channel for
the translocation of the bulky PS, a scenario originally proposed by Cuthbertson et al
(11). Also, the fact that the Wzt protein tetramer changes its shape upon binding to Wzm
may suggest that these structural changes allow for PS or PS-Wzt orientation prior to the
translocation event. One of the next steps in these studies would be to determine the
binding interfaces for Wzt as well as the side chains of the Wzm that face the channel.

This could be done by attempting to orient the Wzm and Wzt subunits within the general
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quaternary structure and under the constraints of the relative distances between protomers
set by the present study. This step would require knowledge of the tertiary structure,
which could be achieved using X-ray crystallographic measurements, which are currently

unavailable.

Since we described the structure of the Wzm-Wzt ABC transporter in the absence
of its substrate, future studies could attempt to determine whether the presence of
polysaccharide causes any changes in the structure of the ABC transporter. An
understanding of such changes will provide further information for developing antibiotics
targeting the biosynthesis of the A-band LPS endotoxin, a primary factor in

Pseudomonas aeruginosa pathogenesis.
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Chapter 7. Conclusion and directions for future research

As described in chapter 6, the cytoplasmic NBD subunit Wzt forms a rhombus-
shaped tetramer which changes shape to become a square upon co-expression with
transmembrane subunit Wzm. In contrast, the Wzm subunit (located at the membrane)
forms a square shaped tetramer and the quaternary structure of this protein remains
unchanged upon co-expression with Wzt. Moreover, both subunits interact at the
membrane level. Based on these results, we proposed that the Wzm-Wzt transporter
forms a heterodimer of homo-tetramers or hetero-octamers that translocates the A-band
polysaccharides, synthesized on the cytoplasmic side of inner membrane, across the inner
membrane in Gram-negative bacterium, Pseudomonas aeruginosa. In addition, the four
Wzm units either interact with the four Wzt units head to head or the four units of Wzm
are interlaced with the four units of Wzt. At this point, we have no way to give preference
to one structure over the other. To exactly predict the quaternary structure, we needed to

know the crystal structures of these proteins which are not available at this time.

LPS is found on the outer leaflet of the outer membrane of Gram-negative
bacteria. In these bacteria, the polysaccharides are synthesized at the cytoplasmic surface
of the inner membrane and then are translocated to the periplasm either through ABC
transporters or through other transmembrane proteins. The structure proposed by us for
the Wzm-Wzt transporter can be used as a model system for other transporters found in

other Gram-negative bacteria that are involved in polysaccharide export.
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In our experiments, about 90% of the cells expressing either Wzt or Wzm proteins
showed single peaks in their £,,, histogram and 10% of the cells showed multiple and/or
broad peaks. We believe that the presence of single peaks in the histograms of cells that
express such comparatively large oligomers is due to the dynamic nature of the
oligomeric complexes formed by the Wzm and Wzt proteins, which allows for a rapid
mixing of the donors and acceptors within complexes, which results in complexes with
essentially same ratio of donors and acceptors throughout the cell. This is an ad-hoc

assumption and needs to be tested in the future.

In addition, we determined the quaternary structure of these bacterial proteins in
CHO cells in the absence of polysaccharides and ATP. Future studies needed to show
how the presence of either ATP or polysaccharide or both affect the quaternary structure
of each subunit and, hence, the transporter. For that, polysaccharides only, ATP only or
both should be injected in the CHO cells co-expressing GFP,-tagged Wzm (Wzt) and
YFP-tagged Wzm (Wzt) and should be imaged to obtain meta-histograms of FRET
efficiencies. The meta-histograms thus obtained in all the above mentioned situations
should be tested against appropriate theoretical models to observe the structural changes,
if any. Ideally, microfluidics devices in conjunction with FRET imaging should be used

to observe these effects.
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These biophysical studies combined with biochemical studies and with
determination of crystal structure should help elucidate the specific mechanisms leading

to translocation of polysaccharide across the inner membrane via this ABC transporter.

When the polysaccharides reach the periplasmic surface of the inner membrane
the O antigen of PSs are ligated to the core lipids through a process that is mediated by
the Waal O antigen ligase, an integral membrane protein (1) to form LPSs. Several
biochemical studies have been done on this part (1-3). However, the mechanism of LPS
transport from inner membrane to the outer leaflet of the outer surface is not known (4).
We believe the determination of structure of the A-band transporter is a big step towards
developing antibiotics targeting the biosynthesis of A-band LPS, an endotoxin in

Pseudomonas aeruginosa.
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