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Abstract

DcuS is a membrane-integral sensory histidine kinase involved in the DcuSR two-
component regulatory system in Escherichia coli by regulating the gene expression
of C4-dicarboxylate metabolism in response to external stimuli. The periplasmic
sensory domain and cytoplasmic kinase domain of DcuS are located on opposite
sites of the cell membrane. How DcuS mediates the signal transduction across
the membrane remains little understood. For a more detailed understanding, this
study focused on the oligomerization and protein-protein interactions of DcuS by
using quantitative Fluorescence Resonance Energy Transfer (FRET) spectroscopy.

A quantitative FRET analysis for fluorescence spectroscopy has been developed
in this study, not only solving the background problems in cells but taking into
account the spectral crosstalk between fluorophores and the variation in the flu-
orophore concentrations. This analysis consists of three steps: (1) flexible back-
ground subtraction based on a multi-parameter fitting was verified theoretically
and experimentally to prepare background-free spectra for further FRET quantifi-
cation, (2) a FRET quantification method combining the correction for spectral
crosstalk with the normalization for variations in fluorescence concentrations to
accurately and robustly determine FRET efficiency (£) and donor fraction (fp= %)
from the corrected spectra, and (3) determining the degree of oligomerization (in-
teraction stoichiometry) in the protein complexes by fitting a model of oligomeric
states to the plot of FRET efficiency (E) against donor fraction (fp). The accu-
racy and applicability of this analysis was validated by theoretical simulations and
independent experimental systems with test series containing different donor-to-
acceptor stoichiometries (fp = 0-1). Because FRET efficiency depends on the ratio
of donor to acceptor, this analysis allows intra- and inter-experiment comparisons
by combining FRET efficiency with donor fraction. These three steps were in-
tegrated into a computer procedure as an automatic quantitative FRET analysis
which is easy, fast, and allows high-throughout to quantify FRET accurately and

robustly, even in living cells.
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The method was subsequently applied to investigate oligomerization and protein-
protein interactions of Dcus§, in particular in living cells. To rule out false-positive
FRET results due to interaction between CFP and YFP, different controls of CFP
and YFP fusions were tested. A 1:1 CFP-YFP tandem fusion was constructed as a
positive control of FRET occurrence. Analysis with our method yielded E = 0.6
+ 0.1 and fp = 0.5 + 0.02. To evaluate the direct interaction of CFP and YFP
in the membrane, a non-interacting membrane-bound protein was co-expressed
with DcuS. The chemotaxis receptor Tar in its truncated form (Tar!~33!-YFP) was
used and revealed a minor FRET signal (E = 0.06 &+ 0.01 for fp = 0.39 + 0.02).
This signal can be regarded as an estimate of direct interaction between CFP and
YFP moieties of fusion proteins co-localized in the cell membrane (false-positive).
To confirm if the FRET occurrence is specific to the interaction of the investigated
proteins, their FRET efficiency should be clearly above E = 0.06.

The oligomeric state of DcuS was examined both in vivo and in vitro by three in-
dependent experimental systems. FRET efficiency observed in vivo between DcuS-
CFP and DcuS-YFP (E = 0.19 + 0.02 for fp = 0.41 4+ 0.01) was clearly above
the background of E = 0.06, suggesting DcuS exists as an oligomer. Only a minor
effect of fumarate on the oligomerization level (E = 0.12 4+ 0.01 for fp = 0.40
+ 0.01) was observed. However, the range of fp was too limited for determining
the degree of oligomerization. Therefore, labeled DcuS mixtures with a full range
of donor fraction (fp = 0-1) were used in vitro. Consistent results from two in-
dependent FRET pairs (Alexa Fluor 488/Alexa Fluor 594, or IAF/TMRIA) in vitro
revealed that DcuS is mainly a dimer. No effect of fumarate on oligomerization
could be observed. The consistent FRET occurrence in vitro and in vivo provides
evidence for homo-dimerization of DcuS as full-length protein for the first time.

Moreover, novel interactions (hetero-complexes) between DcuS and its function-
ally related proteins, citrate-specific sensor kinase CitA (E = 0.15 £ 0.02 for fp =
0.41 + 0.01) and aerobic dicarboxylate transporter DctA (E = 0.28 + 0.03 for fp
= 0.48 + 0.01) respectively, have been identified for the first time by intermolec-
ular FRET in vivo.

In conclusion, an automatic quantitative FRET analysis was developed and suc-
cessfully applied to study the oligomerization and protein-protein interactions of
DcuS. This analysis can be widely applied as a robust method to determine the in-
teraction stoichiometry of protein complexes for other proteins of interest labeled
with adequate fluorophores in vitro or in vivo.
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1 Introduction

1.1 Two-component Regulatory Systems

Two-component Regulatory systems in E. coli Metabolic regulation in bacterial
cells is adaptive to environmental changes. For the metabolism of numerous sub-
strates, Escherichia coli (E. coli) comprises a variety of cellular signaling pathways,
in which the sensors (mostly on the cell membrane) recognize the extracellular
or intracellular stimuli of substrates, the carriers on the cell membrane uptake
substrates across the membrane into the cytoplasm, and enzymes or specialized
proteins subsequently metabolize these substrates and regulate the expression of
relevant genes in response to the external stimuli. Most metabolic pathways in
E. coli are regulated by various two-component regulatory systems, in which a
membranous sensory histidine protein kinase (HK) receives the extracellular stim-
uli, and a cytoplasmic response regulator protein (RR) regulates the expression
of downstream target genes. Upon the signal perception (i.e. ligand binding)
of the periplasmic sensory domain, the sensor kinase mediates transmembrane
signal transduction (i.e. signal transmitted across the membrane) by triggering
autophosphorylation at a histidine residue in its own kinase domain and by sub-
sequent phosphotransfer to an aspartate residue in its cognate response regula-
tor. The phosphorylation of the response regulator may induce a change in the
conformation or the oligomeric state to expose its DNA binding domain to the
promoter of its target genes, and consequently regulates the expression of its tar-
get genes [[1H3]. Because many kinases contain more than one sensory domain
to integrate different extracellular or intracellular signals, the diversity and com-
plexity of cross-regulation in the cellular metabolic network may beyond current
understandings of typical two-component regulatory systems. Not only responds
to external stimuli and transmits signal to its cognate response regulator, the sen-
sor kinase may interact with other intracellular sensor kinase(s) or carrier(s) to
form various combinations of heteromeric complexes for the regulation of cellular
metabolism [4, [5].



1. INTRODUCTION

DcuSR E. coli can utilize C4-dicarboxylates under aerobic or anaerobic condi-
tions. The two-component regulatory system DcuSR (dicarboxylate uptake sensor
and regulator, Fig. in E. coli, consists of a membranous sensor kinase (DcuS)
and a cytoplasmic response regulator (DcuR). The DcuSR system regulates the
expression of genes of C4-dicarboxylate metabolism in response to extracellular
C4-dicarboxylates (i.e. fumarate, succinate, and so on) as well as tricarboxylate
(i.e. citrate) [6]].

<dcuS

Fumarase DcuB Regulator Sensor
(Carrier)

Figure 1.1: Model of the two-component regulatory system DcuSR.

Sensor kinase DcuS is located on the membrane for sensing C4-dicarboxylates.
Upon the signal perception of C4-dicarboxylates, DcuS autophosporylates the histi-
dine residue of its cytoplamic kinase domain, and subsequently transfers the phos-
phoryl group to activate its cognate response regulator DcuR. The phosphorylated
DcuR is activated to regulate the gene expression (transcriptional activation or re-
pression) to synthesize relevant proteins involved in C4-dicarboxylate metabolism,
such as fumarase FumB (fumB gene) to metabolize fumarate, dicarboxylate car-
rier DcuB (dcuB gene) to transport fumarate into cell, sensor DcuS (dcuS gene)
and regulator DcuR (dcuR gene). Phosphorylation and DNA binding of DcuR was
reported in vitro. Isolated DcuR protein was phosphorylated by the sensory his-
tidine kinase DcuS, and subsequently phospho-DcuR induces expression of genes
such as the dcuB-fumB operon, the frdABCD operon, and the dctA gene [7, 8].

2



1.2. DCUS AND FUNCTIONALLY RELEVANT PROTEINS

1.2 DcuS and Functionally Relevant Proteins

DcuS: structure DcuS consisting of 543 amino acids (molar mass ~ 61 kDa) is
a membranous sensory histidine protein kinase in response to extracellular Cy-
dicarboxylates and citrate [9]. Based on the predicted model of DcuS structure
(Fig. [9], the periplasmic sensory domain (PD) for signal perception is en-
closed by two transmembrane helices (TM1 and TM2). Following the second trans-
membrane helix (TM2) are the cytoplasmic Per-Arnt-Sim (PAS) domain for puta-
tive signal perception [10, [11]], and the kinase domain with a conserved histidine
residue (H349) for autophosphorylation.

-4—— Sensory domain for ligand binding
membrane —» <+— 2 Transmembrane domains
<4¢— PAS domain

a -4+—— Kinase domain for autophosphorylation

Figure 1.2: Schematic diagram of DcuS structure.

Structural and functional studies on DcuS mainly focused on the role of periplas-
mic sensory domain (PD or PASp) in signal perception [3]. NMR and crystal struc-
tures were reported for the sensory domain of DcuS [[12-14]. The binding site
in the periplasmic sensory domain was characterized by using various mutants
of the DcuS protein [[15, [16]. With respect to the cytoplasmic kinase domain of
sensory histidine kinase in two-component systems, even fewer structures were
elucidated [17, [18]. Recently, the structure of DcuS-PD/PAS (39.6 kDa multido-
main, PASp-TM; »-PASc) domains in liposomes were characterized by solid state
NMR [15,[19]. However, structural studies are still limited to truncated domain(s)
of DcusS instead of the full-length DcuS protein.

DcuS: oligomerization DcuS is a membrane-integral sensory histidine protein
kinase. The periplasmic sensory domain and cytoplasmic kinase domain of DcuS
are located on the opposite sides of the cell membrane. For the signal percep-
tion, the periplasmic sensory domain of DcuS recognizes not only fumarate, but
a broad range of C4-dicarboxylates and citrate. The binding affinity of DcuS with

3



1. INTRODUCTION

various C4-dicarboxylate was examined by testing the induction of downstream
gene expression in vivo [[15]]. Signal perception is suggested to depend on not only
sensory domain, but PAS domain as well. In some studies, C4-dicarboxylate sens-
ing requires C4-dicarboxylate carriers. The carrier-dependent regulation may be
mediated by PAS domain [20]. In the presence of ATP, purified DcuS reconstituted
into liposome retains the kinase activity for autophosphorylation and transfer of
phosphate to DcuR in vitro, and an increase in kinase activity of DcuS upon adding
fumarate or other effectors [9]]. However, the transmembrane signal transduction,
from the signal perception of the periplasmic sensory domain to the kinase activity

of the cytoplasmic kinase domain, remains little understood.

Based on in vitro assay, the reconstituted DcuS in liposomes behaves differently
from the monomeric DcuS in solution. DcuS existing as monomers in detergent
showed no phosphorylation activity, whereas DcuS reconstituted in liposome pos-
sesses the phorphorylation activity. The functional state of DcuS was assumed as
dimer or higher oligomer which may be essential for its kinase function [9]. Sen-
sory domain of DcuS (DcuS*>~181) was reported to be monomeric by gel filtration
chromatography at low concentration in the presence or absence of ligand, but
a monomer-dimer equilibrium could be observed at millimolar protein concentra-
tions by sedimentation equilibrium analytical ultracentrifugation at a physiological
pH and ionic strength [14]. Even sensory domain of DcuS were observed as dimers
in crystal structure (44 mM protein concentration), the structural studies on over-
expressed recombinant protein (at mM range) may not correspond to its native
conformation in living cells, because DcuS exists as a membrane protein typically
low in natural abundance. So far, the oligomeric state of full-length DcuS has not
been elucidated by structural studies yet.

DcusS: protein-protein interactions Protein-protein interactions among numer-
ous proteins are ubiquitous and essential in biological metabolic network. Dif-
ferent two-component regulatory systems may be cross-regulated, thus the sensor
kinase or response regulator of a two-component regulatory system may interact
not only with its cognate partner, but also with other components from differ-
ent two-component systems [21]]. Besides, trans-phosphorylation between non-
cognate HK-RR pairs also raise the possibility of cross-talk in signal transduction
between two-component systems [22]. However, the interaction between DcuS
and other structurally-correlated (histidine sensor kinase) or functionally-relevant
(dicarboxylate carrier or transporter) proteins remains little understood. Only

4



1.2. DCUS AND FUNCTIONALLY RELEVANT PROTEINS

transcription regulation of DcuSR at gene level was reported, such as repression
by NarXL two-component system [23] or regulation by transcriptional regulator
CRP-cAMP [24]].

Citrate-specific sensory kinase: CitA The two-component DcuSR system of E.
coli is closely related to the citrate-specific two-component CitAB system. Cy-
dicarboxylate sensor DcusS is classified into the CitA family based on the sequence
and structural similarity to the citrate sensor CitA [6,25]. Citrate sensor CitA is in-
volved in the citrate-sensing CitAB two-component regulatory system. The sensor
kinase CitA of E. coli functions as a high-affinity citrate receptor [26, 27]], whereas
DcusS possessing a broader range of ligand specificity which can recognize not only
many different C4-dicarboxylates but also tricarboxylates (e.g. citrate). Crystal
structures of the periplasmic sensory domain of CitA from Klebsiella pneumoniae
reveal the first extracellular PAS domain [28], both in the citrate-free and citrate-
bound state. A comparison of the two structures shows that ligand binding causes
a considerable contraction of the sensor domain. This contraction may represent
the molecular switch that activates transmembrane signaling in the receptor [29]].
Sequence alignment of the sensory domains of the DcuS and PhoQ are homolo-
gous to CitA and are subjects of parallel structural studies [12]]. A few structures
were elucidated for the structural homologues of DcuS (CitA [28],29], PhoQ [30],
DctB [14,131]), but whether DcuS may interact with other two-component system
sensors/regulators is little understood.

Dicarboxylate carrier: DctA Cy-dicarboxylate sensors control the synthesis of
enzymes or specialized proteins for C4-dicarboxylate metabolism [20]. Uptake
of C4-dicarboxylates is achieved by aerobic DctA system or by anaerobic DcuAB
and DcuC systems. The dctA gene encoding the aerobic C4-dicarboxylate carrier
(DctA) is weakly induced by the DcuSR system in response to C4-dicarboxylate
and citrate [6, 25], [32]. DctA was supposed to regulate its own synthesis through
an interaction with DcuS [33]], but no post-transcriptional regulation of DctA by
DcuSR system was reported yet.



1. INTRODUCTION

1.3 Fluorescence Spectroscopy

To study oligomerization and interaction of proteins, several techniques can be
used, such as native gel electrophoresis [34]], chemical crosslinking [35]], ana-
lytical ultracentrifugation [34], affinity chromatography [36]], gel-filtration chro-
matography [34], coimmunoprecipitation (colIP) [37], dynamic light scattering
[35], atomic force microscopy [35], surface plasmon resonance (SPR) [34, 36],
electron paramagnetic resonance (EPR) [38]], electron microscopy (EM) [39], and
so on. However, the hydrophobic nature of membrane proteins increases the
technical difficulties in expression and purification of membrane proteins in vitro.
Therefore, assays on membrane proteins are more challenging than those on sol-
uble proteins. Besides, the natural abundance of membrane proteins is typically
low. The over-expression of recombinant membrane proteins may result in higher
expression levels than the physiological level of endogenous proteins, and tend
to form artificial aggregates (inclusion bodies). To circumvent these problems,
fluorescence techniques were used here to study DcuS. The sufficient sensitivity
of fluorescence for detecting lower concentrations allows experiments at close to
physiological level of native proteins. Among numerous fluorescent probes (or-
ganic fluorescent dyes, quantum dots/nanocrystals, and fluorescent proteins), the
genetically-generated fusions with fluorescent proteins ensure site-specific label-
ing in vivo [40]. In contrast to the protein purification required for biochemical
assays, the fluorescent protein fusions allow noninvasive and nondestructive mea-
surements in living cells. To investigate oligomerization and protein-protein in-
teraction, inter-molecular Forster/Fluorescence resonance energy transfer (FRET)
has been widely applied.



1.4. SPECIFIC AIMS

1.4 Specific Aims

This project is a cooperation of the workgroups of Prof. Dr. Basché (Institute of
Physical Chemistry, Mainz University, Germany) and Prof. Dr. Unden (Institute of
Microbiology and Wine Research, Mainz University, Germany). For a more detailed
understanding of the role of DcuS in the transmembrane signal transduction, two
specific biological aims were addressed in this study (Fig. [1.3):

1: Oligomerization? 2: Protein-protein Interaction?

= 7 okdn s

Figure 1.3: Specific biological aims: structure-functional relationships of DcusS.

1. Oligomeric State of DcuS Because isolated DcuS monomers in detergent so-
lution revealed no function, the intermolecular interactions (homocomplex) of
DcuS might be functionally related. Therefore, the oligomeric state of DcuS was
investigated both in vitro and in living E. coli cells.

2. Interaction of Dcu$S with Functionally Relevant Proteins In addition to homo-
oligomerization, protein-protein interactions (hetero-oligomerization) between DcuS
and functionally relevant proteins (citrate-specific sensor kinase CitA or dicarboxy-
late carrier DctA) were investigated by fluorescence spectroscopy in living cells.

Prerequisite To address the biological aims 1 and 2, a fluorescence spectroscopy-
based method was developed to determine FRET efficiency (E) and donor fraction

(fp) even in living cells.
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2 Theory

2.1 Fluorophores

To perform fluorescence measurements, molecules of interest need to be fluo-
rescent or labeled with fluorophores. Proteins can be labeled by extrinsic fluo-
rophores, e.g. small organic fluorescent dyes or genetically ligated fluorescent
proteins. Extrinsic fluorophores offer a wide range of fluorescence signals which
can be detected in the visible range. When the fluorescence signal is shifted in the
red region, it can be less interfered by background or autofluorescence. In this
study, the potential labeling sites on DcuS include (1) labeling sites for extrinsic
fluorescent labeling, and (2) fusion sites for genetically tagged fluorescent pro-
teins (Fig. [2.1)). For in vitro fluorescence measurements, DcuS possesses two cys-
teine (C199 and C471) residues which can be specifically labeled by thiol-reactive
fluorophores (e.g. maleimide and iodoacetamide). For in vivo fluorescence mea-
surements, DcuS can be genetically tagged with green fluorescent protein (GFP)
variants, cyan fluorescent protein (CFP) or yellow fluorescent protein (YFP), at N-
or C-terminus.

(1) Cys-specific labeling (2) DcuS-FP fusions

=0 &
|

Figure 2.1: Potential labeling sites on DcuS: (1) Cysteine (Cys, C) for thiol-reactive
labeling with donor (D) or acceptor (A) fluorophores; (2) terminus for fusion
with fluorescent protein (FP).



2. THEORY

2.1.1 Organic Dyes

Organic fluorescent dyes are available with different reactive groups which can
selectively label amino-containing amino acid (lysine) or thiol-containing amino
acid (cysteine). An alternative way of protein labeling is non-covalent bonding.
Commonly used fluorescent dyes usually have high molar extinction coefficient
and high quantum yield. Cysteine residue is not very common in most proteins,
and therefore can be labeled with high selectivity by thiol-reactive probes. More-
over, the optimal pH for reaction of cysteine-specific labeling is at physiological
pH. In this study, DcuS contains two cysteine residues: a membranous cysteine
(C199) and a cytosolic cysteine (C471). For cysteine-specific labeling of DcuS
with fluorescent dyes, two categories of thiol-reactive groups were used, including

(1) maleimide and (2) iodoacetamide.

1. Maleimide: Alexa Fluor 488 Cs-maleimide (hereafter cited as Alexa 488) is a
spectrally similar alternative of Fluorescein containing thiol-reactive maleimide
group. Alexa Fluor 594 Cs-maleimide (hereafter cited as Alexa 594) is spec-
trally similar to Texas Red dye, and can be used as a FRET acceptor of Alexa
488.

2. Iodoacetamide: 5-IAF (5-iodoacetamidofluorescein) is a 5-isomer of fluo-
rescein derivative. 5-TMRIA (Tetramethylrhodamine-5-iodo-acetamide dihy-
droiodide) is a 5-isomer of TMR (tetramethylrhodamine) derivative. 5-IAF
and 5-TMRIA can be used as a FRET pair.

2.1.2 Cloned Fluorophores

In addition to conventional fluorescent dyes, DcuS can also be genetically fused
with green fluorescent protein (GFP) or its variants. The 2008 Nobel Prize in
Chemistry rewards the initial discovery of GFP and a series of important develop-
ments which emphasizes the role of GFP as a tagging tool in bioscience [41-43].
GFP was first observed in the jellyfish Aequorea victoria in 1962. As a non-invasive
labeling in living cells, GFP and its genetically engineered spectral variants from
the blue to red spectrum (blue: BFP; cyan: CFP; yellow: YFP; or red: RFP) are re-
cently widely used to study proteins of interest in living cells [43]]. Wild-type GFP
contains 238 amino acids, folding as a 11-stranded -barrel cylinder threaded by
an -helix running up the axis of the cylinder. The fluorescent moiety of GFP
protein is a Ser-Tyr-Gly derived chromophore buried deeply in the center of the

10



2.2. FLUORESCENCE SPECTROSCOPY

B-barrel [44] 45]]. In this study, the enhanced cyan fluorescent protein (ECFP con-
taining mutations F64L, S65T, Y66W, N1461, M153T, V163A) is used as the donor
fluorophore, coupled with enhanced yellow fluorescent protein (EYFP including
S65G, V68L, Q69K, S72A, and T203Y) as the acceptor in living cells. The Forster
distance between CFP and YFP pair is 4.92 nm + 0.10 nm[46]]. To examine the
protein-protein interactions in living cells, DcuS or protein of interest was genet-
ically fused with either CFP or YFP to generate fusion proteins. Subsequently,
CFP-tagged and YFP-tagged protein fusions were co-expressed in E. coli cells as a
FRET pair for in vivo measurements.

2.2 Fluorescence Spectroscopy

In this study, fluorescence spectroscopy was performed by recording fluorescence
spectra to obtain the fluorescence intensity (F) and emission maximum (A,,,,) for
further quantification of interaction stoichiometry. A brief introduction to fluores-
cence spectroscopy is given as follows [47]. A molecule can absorb light which
brings it to an electronically excited state. Fluorescence is the emission of light
from the excited singlet state. The spectral distribution of fluorescence can be mea-
sured with a spectrofluorometer by recording the fluorescence excitation or emis-
sion spectra. An excitation spectrum is recorded when the emission wavelength
(Aem) is fixed, and an emission spectrum is recorded when the excitation wave-
length (A.,) is fixed. A spectrofluorometer (Fig. generally contains an excita-
tion light source, excitation monochromater, sample holder, emission monochro-
mater, and detector.

Beam Splitter

Excitation

®—@ AN e
Light

source

Emission
monochromator

Reference Detector
detector

(R) (S or Sc)

Figure 2.2: Schematic diagram of a spectrofluorometer

Split by a beam splitter between excitation monochromater and sample holder,

11



2. THEORY

most of the light travels through the sample holder and a minor fraction of the light
to the reference detector. The fluorescence signal (S) is recorded by the detector
after the emission monochromator. Fluorescence is usually detected at a right-
angled geometry relative to the excitation light source to reduce the interference
of scattered excitation light. A reference signal (R) is simultaneously recorded by
the reference detector to correct the time-dependent fluctuation of the light source
and the wavelength-dependence of the excitation monochromator. For recording
excitation spectra, the S signal is corrected by R signal to yield %. For recording
emission spectra, the S signal is corrected by an instrument-dependent correction
factor for the detector (c¢) to yield %. The concentration of the fluorophore should
be kept diluted to avoid the inner filter effects.

The fluorescence emission spectra depends on the chemical structure and the sol-
vent surrounding of the fluorophore. Because the fluorophore always emits fluo-
rescence from the lowest excited state, the shape of emission spectrum is generally
independent of the excitation wavelength, known as Kasha’s rule.

The fluorescence quantum yield (QY) is the number of emitted photons relative to
the number of absorbed photons (ranging from 0 to 1). The relaxation process of
a fluorophore is either though emission (rate k) or non-radiative decay (rate k).
The fraction of fluorophores that decay through emission (kr) is the fluorescence

quantum yield:
kr

- kF +knr

QY (2.1)

2.3 Fluorescence Resonance Energy Transfer (FRET)

In this study, fluorescence resonance energy transfer (FRET) measurements were
performed to study the oligomerization of DcuS (aim 1) and protein-protein inter-
actions between DcuS and relevant proteins (aim 2). To address these questions
with respect to interaction relationships, this study focuses on the occurrence of
FRET when the donor and acceptor are in close proximity, instead of determin-
ing accurate distances between donor and acceptor. Interaction between donor-
and acceptor-labeled proteins can bring the FRET pair (donor and acceptor flu-
orophores) within the distance for FRET to occur. Therefore, self-association or
binding interaction can be inferred by the occurrence of FRET between the donor-
acceptor pair of fluorophores. The distance-dependence of FRET efficiency at
nanometer scale is applicable to detect the interaction between two fluorophores

12



2.3. FLUORESCENCE RESONANCE ENERGY TRANSFER (FRET)

on two different proteins (inter-molecular FRET) which can be used to probe
protein-protein interactions or co-localization between proteins.

2.3.1 Principles of FRET

Fluorescence (Forster) Resonance Energy Transfer (FRET) is the distance-dependent
transfer of excitation energy from a donor fluorophore (D) to an acceptor (A)
in a non-radiative process (without the emission of photons) through long-range
dipole-dipole interactions. The rate of energy transfer (kr) is given by [47]

6
= (%) 2.2)

_TD r

where r is the distance between donor and acceptor, and Ry is the Forster distance,
the distance at which the FRET efficiency is 50%. In other words, R is the dis-
tance between donor and acceptor at which 50% of the excitation energy of the
donor is transferred to the acceptor and 50% deactivates in other radiative and

nonradiative processes.

Energy transfer competes with the spontaneous decay of the donor (%). The trans-
fer rate (k7) is dependent on the inverse sixth power of the distance (r) between
donor and acceptor fluorophores. The efficiency of energy transfer is the ratio of
energy transfer rate (k) to the total decay rate of the donor [47].

kt kt
E = = 2.3
kr +knr+kp  kr+1/7p @3)
Taken together, the FRET efficiency (E) can be described by Eq. (2.4).
RS 1
E=—0_= 2.4)

In other words, the FRET efficiency (E) depends on the distance between donor
and acceptor (r) and the Forster distance (Ry). Fig. illustrates the distance
dependence of FRET efficiency. The FRET efficiency (E) is strongly dependent on
the distance between donor and acceptor () when the distance between donor
and acceptor is around the Forster distance (Ry). Therefore, FRET method is espe-
cially suitable to detect interactions of biomolecules, e.g. conformational changes
or protein-protein binding.

13



2. THEORY
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Figure 2.3: Distance dependence of fluorescence resonance energy transfer. Ry is
the Férster distance, the distance at which the FRET efficiency (E) is 50%.
According to Equation (2.4), here Ry=5 nm.

Forster distance (R)) depends on the quantum yield of the donor (Qp) in the
absence of acceptor, the orientation factor (k%) describing the relative orientation
between dipoles of donor and of acceptor, the refractive index of the medium (),
and the extent of spectral overlap (J(1)) of the emission spectrum of donor with
the absorption spectrum of acceptor [47]:

Ry =8.79 x 10% [Q¥pr2n—*1(4)] '/ (2.5)

FRET efficiency increases with the spectral overlap (J(1)) of the spectrum of donor
with the absorption spectrum of acceptor. The extent of spectral overlap is given
by [47]

[T Fp(A)e(A)A4dA
J(A) ==L N

where Fp(A) is the fluorescence intensity of the donor, £(A) is the molar extinction

(2.6)

coefficient of the acceptor at A.

The efficiency of energy transfer between donor and acceptor also depends on
the dipole-dipole orientation. The orientation factor (x?) represents the relative
orientation between donor and acceptor dipoles. The value of k? ranging from
0 to 4. Because both dipoles of donor and acceptor can rotate much faster than
the occurrence of FRET in most cases, k>

value of 2/3 [47]].

is commonly assumed to be an averaged
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2.3. FLUORESCENCE RESONANCE ENERGY TRANSFER (FRET)

2.3.2 FRET Measurements

Upon excitation of the donor fluorophore, the occurrence of FRET leads to a
decrease in donor emission intensity (quenching of the donor fluorescence or
quenched donor emission). If the acceptor is a fluorophore, the quenched donor
emission is simultaneously accompanied by an increase in acceptor emission inten-
sity (sensitized acceptor emission). FRET efficiency can be experimentally deter-
mined by quenched donor emission or sensitized acceptor emission (steady-state
spectra as Fig. or by a decrease of donor fluorescence lifetime in the presence
of the acceptor (time-resolved measurements).

1 -

. - D
lQuenched donor emission — DA
[4) ]
(8]
c
o)
(8]
(%] -
g
o
L—:L’ i Sensitized acceptor emission
0 -

Wavelength (nm)

Figure 2.4: Intensity-based FRET (steady-state spectra): reduced donor emission
coupled with sensitized acceptor emission.

Reduced Donor Emission Intensity-based FRET measurement determines FRET
efficiency by analyzing steady-state spectra of donor by Eq. (2.7). FRET efficiency
can be measured by a decrease in the quantum yield of donor measured in the
presence of acceptor (QYps) compared with that in the absence of acceptor (QYp),
or by the decrease in the fluorescence intensity of donor measured in the presence
of the acceptor (Fps) compared with that in the absence of the acceptor (Fp) [47].

Yp — QY Fp—F F
_ O —OVps  Fp—Fpa | Fpa 2.7)
oYp Fp Fp

To calculate the FRET efficiency by analyzing fluorescence intensities from steady-

E

state spectra, the concentrations of donor and acceptor should be taken into ac-
count.

Sensitized Acceptor Emission The spectral overlap between acceptor absorp-
tion and donor emission is required for the occurrence of FRET, but the acceptor in
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a FRET pair is not necessarily fluorescent. If the acceptor is a fluorophore, the oc-
currence of FRET can lead to an increase in acceptor emission intensity (sensitized
acceptor emission) which simultaneously accompanies with a decrease in donor
emission intensity (reduced donor emission). The FRET efficiency calculated from
sensitized acceptor emission without direct excitation of donor at acceptor excita-
tion wavelength is given by [47]

&) Fap(A8") 1
E= SD(ASX)[ Fa(A5™) 1KfD) 28

where g (A5") and ep(A)) are the extinction coefficients (or absorbance) of the
donor and acceptor at the donor excitation wavelength (A5"). F4(A£™) is the accep-
tor intensity measured at an acceptor emission wavelength (A;") in the absence of
donor, Fyp(A{™) is the acceptor intensity measured in the presence of donor. fp is
the fractional labeling with the donor. To determine the FRET efficiency from the
sensitized acceptor emission is more complicated than from reduced donor emis-
sion, because the measured acceptor intensity contains not only FRET signal but
also the signals from direct excitation of donor (Fp(A{")) and acceptor (F4(A{™))
at acceptor excitation wavelength (A¢"). The measured acceptor intensity must be
corrected for these spectral crosstalk (bleed-through) for calculating FRET from
sensitized acceptor emission by Eq. (2.8)).

Reduced Donor Lifetime The occurrence of FRET shortens the average lifetime
of a donor. Lifetime-based FRET measurements determines FRET efficiency by an-
alyzing the reduced donor lifetime (7) in the presence and absence of an acceptor

(Eq. (2.9)) [471.

_7wa _,_TA (2.9)
D D

E

where 7p is the fluorescence lifetime of the donor measured in the absence of
the acceptor, and 7p, is the fluorescence lifetime measured in the presence of the
acceptor. The fluorescence lifetime is a concentration-independent parameter of
the fluorophore. However, specialized instrumentation for lifetime measurements
is more complex and more expensive than steady-state spectrofluorometer, and
therefore not widely used in biological laboratories.
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2.3. FLUORESCENCE RESONANCE ENERGY TRANSFER (FRET)

2.3.3 Quantitative FRET

FRET efficiency In this study, Eq. (hereafter cited as Gordon’s equation)
reported in Gordon et al. (1998) [48]] was applied to calculate the FRET efficiency
from the measured spectra. Gordon’s equation was originally developed for flu-
orescence microscopy. Spectral crosstalk is a common problem and may result
from several aspects, such as the direct excitation of acceptor at donor excitation
wavelength, and the detection of donor emission at acceptor emission wavelength.
Besides, the FRET efficiency (E) depends on the fluorophore expression levels of
the donor ([D]) and the acceptor ([A]). By combining reduced donor emission
with sensitized acceptor emission, Gordon’s equation aims to correct the spectral
crosstalk and to normalize the FRET efficiency by fluorophore concentrations. In
this study, the FRET efficiency (E) were calculated by Gordon’s equation.

OYpa
E=1—
OYp
_F,.2d
Fr—D R MU TR R Dy
S f Dy 1 Fa Ad | Aa Dy Aqg
— Ad' Ty
= —
Fd fifﬁ F, Fd D,
7 Fy=b Dg | _FaAg [ﬁfﬁ'ﬁ] Af*Ff"fd
_Ds By Aa_fy —G-Da| L T Fg Dg
G[l Fu Dd} Dy+ P [1 G F} “Fd A
Fa Dy Aq Fy

(2.10)

Nomenclature: Filter Sets and Samples In Gordon’s equation, three filter sets
were used, termed by capital letters (Table. [2.1): Donor (D), FRET (F), and Accep-
tor (A). Three types of samples were prepared, represented by lower case letters
(Table. containing donor (d), acceptor (a), or a mixture of donor and acceptor

0.

Filter Set Excitation Wavelength Emission Wavelength
D (Donor Filter Set) excite donor detect donor

A (Acceptor Filter Set) excite acceptor detect acceptor

F (FRET Filter Set) excite donor detect acceptor

Table 2.1: Filter sets (D,A, F) in Gordon’s equation.
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Sample Fluorophore(s)

d donor only
a acceptor only
f both donor and acceptor

Table 2.2: Fluorophore(s) in samples (d,a, f) in Gordon’s equation.

Experimental values For the calculation of FRET efficiency by Gordon’s equa-
tion, two fluorescence emission spectra were recorded (excited at donor excitation
wavelength and at acceptor excitation wavelength, respectively) for each sample.
From these two measured spectra, three fluorescence intensities were obtained:
two fluorescence intensities (Donor signal and FRET signal) were obtained from
the spectrum excited at donor excitation wavelength, and one intensity (Acceptor
signal) from the spectrum excited at acceptor excitation wavelength. Combining 3
filter sets (D,A, F) with 3 samples (d,a, f), 9 signals can be obtained (Table. [2.3),
including: 3 from the sample containing donor only (D, Ay, F;), 3 from the sam-
ple containing acceptor only (D,, A, F,;) and 3 from the sample containing both
donor and acceptor (D, Ay, Fy).

|d a f
D|D; D, Dy
Al Ay A, Ay
F|F, F F

Table 2.3: 9 experimental values obtained by combining 3 filter sets (D,A, F) with 3
samples (d,a, f)

The energy transfer efficiency (E) was subsequently calculated with Eq.
from these nine values. Non-FRET signals are from the direct excitation of the
acceptor at the donor excitation wavelengths. The G factor used in Eq.
represents the ratio between the decrease of donor signal due to FRET and the
increase of acceptor signal due to FRET.

QY a q)a TF

G= X — X — (2.11)
oy, &, 1p

where QY is the fluorescence quantum yield of donor (d) or acceptor (a), & is the
fraction of the fluorescence transmitted by the detection set, and T is the detection
efficiency for a given wavelength pair (for more details see pJ65).

In addition to FRET efficiency (E) by Eq. (2.10), two measures of donor (Dfd) and
acceptor (Afa) concentrations can also be calculated by Eq. (2.12) and Eq. (2.13)
respectively [48]. These two fluorophore concentration indexes, Dfd and Afa,
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2.4. DEGREE OF OLIGOMERIZATION

refers to individual fluorescence intensities of donor and acceptor in the mixture
of donor and acceptor when no FRET would occur (theoretical quantities, not
measurable). Dfd is the donor signal that would take place if no FRET occurred
in the mixture sample and is therefore proportional to the total concentration of
donor. Afa is the acceptor signal that would take place if no FRET occurred in the
mixture sample and is therefore proportional to the total concentration of acceptor.

Af — (Ad/FA)F f
1 —(Fa/Aa)(Ad/Fd)
G[1 — (Da/Fa)(Fd/Dd)]

Ff—(Fd/Dd)Df — [Fa/Aa— (Fd/Dd)(Da/Aa))

Dfd=Df+

(2.12)

. Af—(Ad/Fad)Ff
A= Fa Aa)(AdF )

(2.13)

2.4 Degree of Oligomerization

In this study, the degree of oligomerization (subunit stoichiometry) was examined
by inter-molecular FRET, i.e. donor- and acceptor-labeled proteins were mixed
in vitro or expressed in vivo at various donor fractions. FRET efficiency (E) and
donor fraction (fp based on the concentration indexes of fluorophores) can be
obtained from spectra by using Gordon’s Equation. The degree of oligomerization
was determined by fitting to a model of oligomeric state [49, 50]. The number of
subunits in the oligomer complex (subunit stoichiometry) is described by (E) and
D]

donor fraction (fp = m) as:

E = Epgyex (1 — f08070) (2.14)

where E is the apparent FRET efficiency, E,,, is the maximal FRET efficiency, fp is
donor fraction, and oligo is the number of subunits in an oligomer complex.

Based on Eq. (2.14)), FRET efficiency (E) as a function of donor fraction (fp) and
degree of oligomerization (oligo) revealed a linear model for dimers as well as
non-linear models for higher-order oligomers (Fig. [2.5]).

The relationship between FRET efficiency (E) and donor fraction (fp) is related
to the degree of oligomerization (oligomeric structure) in the molecular mix-
tures/complexes of donor and acceptor. No FRET efficiency (E = 0) can be ob-
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2. THEORY

served in monomers (oligo = 1), i.e. the FRET efficiency in monomers is inde-
pendent of the donor fraction. In contrast, FRET efficiency depends on the donor
fraction in dimers or higher-order oligomers (oligo > 2), where each donor has
more possibilities to transfer energy to more surrounding acceptors in higher-order
oligomers compared with lower-order oligomers with the same donor fraction.

Monomer E =0

Dimer E =Epux(1— fp)
Trimer E =Epa+(1—f3)
Tetramer E = Epg* (1 — f3)
Oligomer E = Eppq* (1 — (Ol’go 1))

Degree of Oligomerization

1.0+ m— Tetramer
Trimer
J Dimer
== onomer
w 0.5
0.0
T T T T T T T T T T 1
0.0 0.2 0.4 0.6 0.8 1.0

Donor fraction (fp)

Figure 2.5: FRET efficiency (E) as a function of donor fraction (fp)
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3 Materials and Methods

3.1 Materials

Chemicals (Table. were purchased from Fluka (Neu-Ulm, Germany), Gibco
(Eggenstein, Germany), Roth (Karlsruhe, Germany), Serva (Heidelberg, Germany)
or Sigma-Aldrich (Deisenhofen, Germany) at the highest purity available. Organic
dyes (Table. were supplied by workgroup of Prof. Dr. Klaus Miillen (Max
Planck Institute for Polymer Research, Mainz, Germany) [51] or purchased from
AnaSpec (San Jose, CA, USA) or Invitrogen (Carlsbad, CA, USA). All are of analyt-
ical grade or better and used without further purification. Double-distilled water
(ddH,0) was used for the reagent setup. Bacterial strains and expression plasmids
were listed in the Table. [3.3] The contents of buffer and solution were summarized

in Table.

Chemical Company
Casein (Select Pepton Nr. 140) Gibco BRL
Fumarate Fluka
Glycerol Roth

HCI Fluka
Imidazole Roth

KCl Roth
KH;POy4 Roth
LDAO (Lauryldimethylamine oxide) Fluka
NaCl Roth
Na,HPOy4 Roth
Toluene Sigma-Aldrich
Tris Roth

Yeast Extract (Servabacter 24540) Serva

Table 3.1: Chemicals used in this study.
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Fluorophore Source
PDI [perylenediimide] [51]]

TDI [terrylenediimide] (511

Dyad (PDI-TDI) [51]
Alexa Fluor 488-Cs-Maleimide Invitrogen
Alexa Fluor 594-Cs-Maleimide Invitrogen
5-IAF [5-Iodoacetamidofluorescein] AnaSpec

5-TMRIA [Tetramethylrhodamine-5-iodoacetamide] AnaSpec

Table 3.2: Organic dyes used in this study.

Bacterial strain or expression plasmid Reference
E. coli K-12
JM109 wild-type E. coli strain [152]
IMW237 E. coli strain containing dcuB’ —' lacZ [15]
IMW244 DctA-deleted E. coli strain [32]
IMW262 DcuS-deleted E. coli strain [e]
IMW280 CitA-deleted E. coli strain 53]
Plasmids
pDK108 Tar! —33'.YFP; pTrc99a derivative (Ap") [54]
pECFP CFP (Ap") Clontech
pEYFP YFP (Ap") Clontech
pMW151 DcuS; pET28a derivative (Kan") (9]
pMW324 DcuS (C199S); pET28a derivative (Kan") This study
pPMW325 DcuS (C471S); pET28a derivative (Kan") This study
pMW336 DcuS (C471S, C471S); pET28a derivative (Kan”) This study
pMW446 DcuS (R147A, C199S); pET28a derivative (Kan”) This study
pMW407 DcuS-YFP; pBAD30 derivative (Ap") [53]]
pMW408 DcuS-CFP; pBAD18 derivative (Kan”) This study
pMW442 CitA-YFP; pBAD30 derivative (Ap") (53]
pMW523 CFP-DctA; pBAD30 derivative (Ap") This study
pMW524 DctA-CFP; pBAD30 derivative (Ap") This study
pMW525 YFP-DctA; pBAD30 derivative (Ap”) This study
pMW526 DctA-YFP; pBAD30 derivative (Ap") This study
pMW762 CFP; pBAD18 derivative (Kan") This study
pPMW?763 YFP; pBAD18 derivative (Kan") This study
pMW764 CFP; pBAD30 derivative (Ap”) This study
pMW765 YFP; pBAD30 derivative (Ap”) This study
pMW766 CFP-YFP; pBAD18 derivative (Kan”) This study
pMW767 YFP-CFP; pBAD18 derivative (Kan") This study
pPMW?768 CFP-YFP; pBAD30 derivative (Ap") This study
pPMW769 YFP-CFP; pBAD30 derivative (Ap") This study
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3.1. MATERIALS

Buffer and Solution

Contents

Luria-Bertani (LB) medium

10 g/L
5g/L
5g/L

Casein
Yeast Extract
NacCl

Homogenization buffer

50 mM
10%

Tris-HCl
glycerol
pH 7.7 HCl

DcuS-labeling-buffer

50 mM
0.5M
5 mM

5%

0.04 %

Tris-HCl
NaCl
Imidazole
Glycerol
LDAO

pH 7.2 HCl

Tris/HCI buffer

50 mM

Tris
pH 7.7 HCl

PBS buffer

137 mM
2.7 mM
10 mM
2 mM

NacCl

KCl
Na,HPO,
KH,PO4
pH 7.5 HCl

P1 buffer

50 mM
10 mM

Tris
MgClz
pH 7.7 HCl

Table 3.4: Buffer and solution used in this study.
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3.2 Sample Preparation

3.2.1 Protein Preparation for in vitro Measurements

The preparation of recombinant proteins was done by Patrick Scheu (WT, C471S,
C199S, Cys—, R147A), Dr. Holger Kneuper (WT, C471S, R147A), and Verena Bock
(C199S and Cys™) in the workgroup of Prof. Dr. Unden (Institute of Microbiology
and Wine Research, Mainz University, Germany).

Protein Expression and Purification Plasmid construction of DcuS mutants was
performed by site-directed mutagenesis with a kit (Qiagen) according to the man-
ufacturer’s instructions. Expression of the recombinant DcuS proteins were per-
formed by standard procedures [55]. Membrane fraction containing DcuS protein
was obtained by removing cell debris by centrifugation and subsequently pelleted
by ultracentrifugation. The pellet containing DcuS was homogenized in homog-
enization buffer (50 mM of Tris-HCIl, 10% of glycerol, pH 7.7), and stepwise sol-
ubilized by adding 2% (w/v) of Empigen BB (30% solution, Calbiochem). The
solubilized protein was stored by shock-freezing in liquid N, and storing at -80°C
before use. Solubilized His-tagged Dcu$S protein was purified by using Ni>*-NTA
column (Qiagen). Eluated DcuS was dialyzed against imidazole-free buffer to
avoid potential interference of imidazole in the steps of labeling and spectroscopy.
Protein concentrations were determined by Bradford assay kit (Bio-Rad) using
bovine serum albumin (BSA) as a standard.

Fluorescent Labeling of Proteins Fluorescent dyes were dissolved in DMSO to
yield a 10 mM stock solutions, and freshly diluted by DcuS-labeling-buffer (50 mM
Tris-HCI buffer (pH 7.2) containing 500 mM NacCl, 5% glycerol, and 0.04% LDAO)
for further labeling reactions. The reaction mixture, 16 uM (1 mg/ml) purified
DcuS protein and 50 uM or 160 uM thiol-reactive fluorescent dyes (Invitrogen
or AnaSpec) in DcuS-labeling-buffer, was incubated in the dark for 2 h at room
temperature or overnight at 4°C. While labeled for 2 h at room temperature, the
labeling reaction was terminated by adding 20 mM of cysteine dissolved in DcuS-
labeling-buffer to a volume of 800 uL for 30 min. Excess unbound dyes were
removed by PD-10 column (Sephadex’”G-25, Amersham Biosciences). Labeled
protein was purified and concentrated in a Vivaspin concentrator (Vivascience)
with a cut-off (MWCO) of 30 kDa at 4°C to a volume of 1 ml. The extent of label-
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ing was estimated spectrophotometrically according to the absorption spectrum
of labeled DcuS by measuring dye absorbance and protein concentration, using a
UV-vis spectrophotometer. Final labeled DcuS were kept on ice or stored at 4°C
before further fluorescence measurements.

Reconstitution of DcuS into Liposomes Labeled DcuS proteins were reconsti-
tuted at a phospholipid:protein ratio 20:1 (w/w) in E. coli phospholipids (Avanti
Polar Lipids Inc.) as described [15]]. Reconstituted DcuS was frozen in liquid N,
and stored at -80°C before use.

3.2.2 Cell Preparation for in vivo Measurements

The preparation of fluorescent fusion proteins was in cooperation with Prof. Dr.
Unden’s group (Institute of Microbiology and Wine Research, Mainz University,
Germany). The plasmid construction and protein expression of XFP (XFP: CFP or
YFP) fusions were prepared by Patrick Scheu (DcuS and CitA) and Julia Bauer
(DctA and controls).

Preparation of cells with DcuS-FP Fusion proteins DNA sequence of DcuS (dcuS)
was genetically fused with that of CFP (ecfp) or YFP (eyfp) to generate dcuS-
¢fp or dcuS-yfp fusion constructs (both C' and N’ fusions). The dcuS-yfp fusion
(pMW407) was cloned into pBAD30-Amp [53]], and the dcuS-cfp fusion (pMW408)
was constructed into pBAD18-Kan. The sequences of resulting constructs were
verified by sequencing. Plasmids of DcuS-FP fusions were transformed into E.
coli. Co-expression of FP fusions in cells was generally induced by 133 uM or
333 uM L-arabinose at 30°C. After harvest, E. coli cells were washed twice by
spin-centrifugation with PBS buffer and then resuspended in PBS buffer. Cells
resuspended in PBS were used immediately for fluorescence measurements. The
DcuS activity of DcuS-XFP fusions was confirmed by inducing dcuB’-lacZ expres-
sion. E. coli containing dcuB’-’lacZ and DcuS-XFP fusions was grown anaerobically
at 37°C in M9 mineral medium (Miller, 1992) with glycerol and dimethyl sul-
foxide as energy substrates and with fumarate (20 mM) as an effector. Samples
were withdrawn at ODs7g,,,,=0.5-0.7 for measurement of 3 —galactosidase activity.
Fluorescence of DcuS-XFP fusions was confirmed by fluorescence spectroscopy.
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Western blot analysis of DcuS-FP expression levels E. coli cells induced by dif-
ferent arabinose concentrations were sedimented by centrifugation and dissolved
in SDS-containing sample buffer [56]. The dissolved whole cell proteins were
separated by SDS-PAGE and transferred to nitrocellulose membranes [57]]. Mem-
branes were treated with rabbit polyclonal antiserum (Eurogentec) raised against
the periplasmic domain of DcuS and detected with secondary IgG antibodies cou-
pled to peroxidase (Sigma-Aldrich).

Cell fractionation Arabinose-induced bacteria were harvested by centrifugation
at 6,300 g for 10 min. All further steps were done at 4°C. Washed cells from 400
ml medium were resuspended in 8 ml buffer (50 mM Tris/HCL, pH 7.7, 10 mM
MgCl,). The bacteria were broken using a French press (3x at 8,274 kPa) and then
centrifuged at 8,600 g for 10 min to sediment debris and potential inclusion bodies
(low-speed pellet) and to separate them from the soluble fraction and cytoplasmic
membranes contained in the supernatant (low-speed supernatant). Proteins from
the low-speed pellet and the low-speed supernatant were detected by Western blot
analysis with mouse polyclonal antibodies (Qiagen, Hilden) against the Hisq-tag
of the fusion protein. Protein bands were detected with secondary IgG antibod-
ies coupled to peroxidase (Sigma-Aldrich). Protein bands of three independent
preparations were visualized and quantified by using the KODAK Image Station
440CF and the KODAK Molecular Imaging software. To sediment the membrane
fraction, the low-speed supernatant was centrifuged at 200,000 g for 65 min. The
membrane pellet was washed twice (1 mM Tris/HCI, pH 7.7, 3 mM EDTA), ho-
mogenized in buffer (50 mM Tris/173 HCl, pH 7.7, 10% (w/v) glycerol), and
solubilized by adding 2% (w/v) of Empigen BB (30% solution, Calbiochem) as
described [9]. The low-speed supernatant fraction was fractionated in a sucrose
step-gradient (0%, 10%, and 40% sucrose) by ultracentrifugation at 200,000 g for
2 h. Fractions of 1 ml were collected and 20 ul of each fraction was subjected to
SDS-PAGE to examine banding of DcuS-YFP in the protein/membrane fraction and
in the protein aggregate fraction. Isolated and purified DcuS-YFP was used as a
standard.

Purified FP of Reference Spectra Reference spectra of CFP (donor) and YFP (ac-
ceptor) were purified from E. coli cells expressing donor or acceptor, respectively.
CFP or YFP protein was expressed from a 20 mL culture of E. coli cells grown in
Luria-Bertani (LB) after 1% inoculation of the overnight culture. Cells were har-
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vested by centrifugation and resuspended in 20 mL of Tris buffer pH 7.7 and 10
mM MgCl,. Cell supernatant was prepared by 3 cycles of French Press and cleared
by centrifugation to remove the cell debris, and subsequently by ultracentrifuga-
tion to separate cytosolic (soluble protein) fraction from membrane fraction. The
supernatant containing cytosolic fraction was subjected to vivaspin concentrator
(MWCO: 10,000 Da) to separate FP proteins from small fluorescent molecules.
The measured spectra of purified FP were normalized to unity as the reference
spectra of donor and acceptor.

3.3 Spectroscopy

3.3.1 Absorption Spectroscopy

Absorption spectra of samples were measured in a 1-ml quartz cuvette (semi-
microcuvette) by using a dual-beam UV-VIS spectrophotometer (OMEGA 20, Bru-
ins Instruments, Germany). The absorption spectra were recorded at a wavelength
range (250 nm to 700 nm) with an increment 0.5 nm by using a slit width of 0.5
mm.

3.3.2 Fluorescence Spectroscopy

Fluorescently labeled samples were measured at room temperature in a 1-ml quartz
cuvette (semi-microcuvette) by using a FluoroMax-2 spectrofluorometer (Jobin
Yvon-Spex). To ensure a linear relationship between fluorescence intensities and
fluorophore concentrations, the samples were always kept dilute to record spec-
tra within the linear range of the signal detector, and corrected measured spectra
for the detector saturation. The emission spectra were recorded at an excitation
wavelength and a range of emission wavelength according to the fluorophore re-
spectively (Table. [58]. The slit bandwidth for excitation and emission was
5 nm. Fluorescence spectra were corrected for the wavelength dependence of the
fluorometer (Sc/R).

DcuS-FP Fusions Cells expressing DcuS-FP fusion proteins were washed twice
by spin-centrifugation with PBS buffer. Absorption spectra were recorded before
fluorescence measurements. Cells were diluted to an absorbance of 0.1 at 400
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Fluorophore Abs (nm) Em (nm) M.W. Ec(cm 'M 1)
Alexa 488-Maleimide 493 516 720.66 72,000
Alexa 594-Maleimide 588 612 908.97 96,000
5-IAF 492 515 515.26 78,000
5-TMRIA 543 567 825.22 87,000

Table 3.5: Spectral properties of organic fluorophores used in this study.

nm to avoid inner filter effect and signal saturation. The emission spectra were
recorded, by excitation of CFP (A.,= 433 nm) or of YFP (A,,= 488 nm), respec-
tively, with an increment of 1 nm and an integration time of 0.2 s.

3.3.3 Software

All of the experimental data (absorption spectra, fluorescence spectra, fluores-
cence decay curves, and images obtained by confocal microscope) were analyzed
by using IGOR Pro software (WaveMetrics, Lake Oswego, OR, USA).
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4 Results

Sec. describes the samples prepared to address different aims in this study. A
quantitative FRET analysis developed in Sec. [4.2|was applied to study oligomeriza-
tion of DcuS and protein-protein interactions between DcuS and relevant proteins

(Sec. 4.3).

4.1 Samples

Fig. gives an overview of the fluorescence signals and the experimental envi-
ronments of DcuS samples in this study. The fluorescence signals (under different
experimental environments) are originated from three categories of DcuS samples:
(1) DcusS fusion with fluorescent protein in living cells (in vivo), (2) labeled DcuS
in detergent or in liposomes (in vitro), and (3) intrinsic fluorescence of DcuS (in

Vitro).
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Signal

Environment

1. DcuS Fusion with Fluorescent Protein

FP)
DcuS-CFP DcuS-YFP Cell Membrane
2. Labeled DcuS
LI Telo)e
DcuS (WT) DcuS (Cys’)
% Detergent Liposome
DcuS (C4718) DcuS (C199S)
3. Intrinsic Fluorescence
% ?%QQ QQ/%
W Yol Yolo)O
W
DcuS (WT) Detergent

Figure 4.1: Signals and experimental environments of DcuS samples in this study.
Abbreviations: C, cysteine; FP, fluorescent protein (CFP or YFP); S, serine;

W, tryptophan; WT, wild-type.
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4.1. SAMPLES

4.1.1 DcuS-FP Fusions for in vivo Measurements

Fluorescent-protein Pair (CFP and YFP) Cyan fluorescent protein (CFP as donor)
and yellow fluorescent protein (YFP as acceptor) were used as FRET pair for in vivo
measurements (Fig. [4.2). To avoid the interference of the excitation light in the
detection of emission light, CFP and YFP were not excited exactly at their absorp-
tion maxima but at relatively shorter wavelengths.
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Figure 4.2: Absorption and emission spectra of purified CFP and YFP (Sec. [3.2.2).
CFP was excited at 433 nm, and YFP was excited at 488 nm. All spectra
were normalized to unity.

To examine the functionally-relevant oligomeric state of DcuS in vivo (Sec. [4.3),
DcuS was genetically fused with CFP or YFP at the N- or C-terminus of DcuS to
yield chimeric fusion proteins, DcuS-CFP or DcuS-YFP (Fig. 4.3). To examine the
protein-protein interactions of DcuS in vivo (Sec. [4.3.3)), other relevant proteins
(CitA, DcuB, and DctA) were also genetically tagged with CFP or YFP.

(@)
e
0
=<
3
T

S (vFe

DcuS-CFP (N") DcuS-YFP (N") DcuS-CFP (C'") DcuS-YFP (C")
Figure 4.3: DcuS genetically tagged with CFP or YFP at N- or C-terminus.

CFP and YFP fusions of DcuS (and relevant proteins) were co-expressed in living
cells (Fig. |4.4) to examine the inter-molecular interactions by detecting the occur-
rence of FRET between CFP and YFP. To avoid the artifacts of FRET occurrence
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4. RESULTS

due to over-expression of FP fusions, an expression vector pBAD (under the con-
trol of the araBAD promoter responding to arabinose as an inducer) was used for
a moderate expression at physiological level of FP fusions. For the co-expression
of CFP and YFP fusions in the same cell, two different but similar pBAD vectors
were used (pBAD18 vector for CFP fusion, and pBAD30 vector for YFP fusion) to
achieve relative similar expression level of CFP and YFP fusions in the same cell.

1. FP purified as references 2. FP as controls 3. FP fusions
(in PBS buffer) (in cells) (in cells)
cFP
CFP| Donor Uiy =
YFP | Acceptor crp| [YFP
cFP YFP CJ

Figure 4.4: DcuS-FP fusions system investigated: (1) CFP and YFP as FRET pair;
(2) FP in cells as controls; (3) CFP and YFP fusions co-expressed in cells.

Functionality of DcuS-FP Fusions (FP fluorescence) The fluorescence of DcuS-
CFP and DcuS-YFP fusions was confirmed by fluorescence spectroscopy (Sec. [3.3.2),
and the spectral shape and peak position were compared with reference spectra
of CFP or YFP (Fig. [4.5). The emission spectrum of cells expressing DcuS-CFP
fusion revealed typical major peak of CFP (477 nm). However, the strange spec-
tral shapes without typical minor peak of CFP (504 nm) demonstrate background
subtraction by either buffer spectrum or E. coli spectrum was not adequate to
remove existing background in living cells. Similarly, the emission spectrum of
cells expressing DcuS-YFP fusion appeared a typical YFP peak at 527 nm. Buffer-
subtracted spectrum of DcuS-YFP fusion was much broader than the YFP reference
spectrum, indicating background subtraction by buffer spectrum is not competent
to remove all of the background. Taken together, DcuS-CFP and DcuS-YFP fusions
were proved to retain the function of wild-type CFP and YFP. Besides, both cases
demonstrated the effect and importance of background subtraction, in particular
for the spectra in living cells (for details see (4.2.1)).

Functionality of DcuS-FP Fusions (Dcus$ activity) To test if DcuS-FP fusions are
as functional as endogenous DcuS, the dcuS-cfp plasmid encoding DcuS-CFP or
dcuS-yfp plasmid encoding DcuS-YFP was expressed in DcuS-deficient E. coli strain
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4.1. SAMPLES
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Figure 4.5: Emission spectra of cells expressing either DcuS-CFP or DcuS-YFP fu-
sion. Left: emission spectra (A.,= 433 nm) of cells expressing DcuS-CFP
fusion (black: buffer-subtracted; red: E. coli-subtracted) in comparison with
CFP reference spectrum (blue). Right: emission spectra (A= 433 nm) of
cells expressing DcuS-YFP fusion (black: buffer-subtracted; red: E. coli-
subtracted) in comparison with YFP reference spectrum (yellow). Spectra
were normalized by peak intensity.

(IMW260). Both dcuS-cfp and dcuS-yfp plasmids complemented the anaerobic
growth of the DcuS-deficient E. coli strain. In addition, the functional activities
of DcuS-FP fusions compared to wild-type DcuS proteins were also examined by
inducing dcuB'-'lacZ expression (Fig. [4.6). Based on the 3-galactosidase assay, all
of the DcuS-FP fusions remain functional in vivo. C-terminal DcuS-FP fusions func-
tion as well as wild-type DcuS, and N-terminal DcuS-FP fusions shows relatively
lower activity than wild-type DcuS. DcuS-FP fusions were verified to retain the
function comparable to wild-type DcuS. Taken together, DcuS and FP were both
functional upon fusion.

150

100
) . - .
0

DcuS CFP-DcusS (N') YFP-DcuS (N") DcuS-CFP (C") DcuS-YFP (C")

Functionality (%)

Figure 4.6: Functionality of DcuS-FP fusions by inducing dcuB'-lacZ expression
(details see Sec. [3.2.2). All functional activities were normalized to that of
wild-type DcusS.

Test of Inclusion Bodies To rule out the potential artifacts due to inclusion bod-
ies, the presence of DcuS-YFP inclusion bodies and their contribution to the fluo-
rescence of the cells was examined. The potential artifact of inclusion bodies was
excluded for DcuS-YFP by cell fractionation (Table. and Western blot (Fig.
analysis. Less than 32% of DcuS-YFP protein and maximally 10% of the total
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4. RESULTS

fluorescence of the cells reside in inclusion bodies. Based on the small contribu-
tion of the inclusion bodies (<10%), it can be concluded that the fluorescence in
the bacteria corresponds to membrane-integral DcuS-YFP.

Fraction Western blot Fluorescence
Low speed supernatant 68 % 90 %
(soluble proteins and membranes)

Low speed pellet 32 % 10 %

(debris and inclusion bodies)

Table 4.1: Distribution of DcuS-YFP fusion protein and fluorescence in cellular
compartments of E. coli. The cell homogenate of E. coli IMW262 (dcuS™)
induced with 333 uM arabinose for 4 h was separated into supernatant and
pellet fraction by low speed centrifugation. Quantitative Western blot analysis
(average of 3 independent preparations) was performed with both fractions.
Fluorescence of low-speed supernatant and low-speed pellet fraction was de-
tected after excitation at 488 nm.

Figure 4.7: Detection of DcuS-YFP in E. coli cell lysates by Western blot with an-
tiserum against the periplasmic domain of DcuS. Cells expressing DcuS
or DcuS-YFP were sedimented and the pellet was dissolved in SDS sample
buffer. 60 ug (lanes 3 to 6) or 120 ug (lane 2) of cell lysates were sub-
jected to SDS-PAGE. After blotted onto a nitrocellulose membrane, DcuS
and DcuS-YFP were detected by immunostaining with antiserum against the
periplasmic domain of DcuS. Lane 1, purified DcuS (1 ug); lane 2: DcuS
(WT, JM109) grown anaerobically in M9 mineral medium with 50 mM glycerol
and 20 mM fumarate; lanes 3-6: E. coli (JM109) cells expressing DcuS-YFP
(PMW407, pBAD 30 derivative) grown under aerobic conditions in LB broth
in the presence of 0 uM (lane 3), 10 uM (lane 4), 133 uM (lane 5) or 333 uM
arabinose (lane 6); lane 7, purified DcuS-YFP (1 ug).

YFP fusion of citrate sensor CitA To study the interaction between DcuS and
CitA in vivo, CitA was genetically fused with YFP to yield CitA-YFP fusion. To deter-
mine if the CitA-YFP fusion is as functional as endogenous CitA, the citA-yfp plas-
mid encoding CitA-YFP was expressed in CitA-deficient E. coli strain (IMW280).
The citA-yfp plasmid complemented the growth of the CitA-deficient E. coli strain.
In addition, the plasmid encoding CitA-YFP fusion proteins restored expression of
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4.1. SAMPLES

the dcuB'-'lacZ reporter gene fusion to approximately the same level as plasmid
encoding wild-type CitA. CitA-YFP retained 97% of the functional activity compa-
rable to wild-type CitA (Fig. left). After subtraction by either buffer or E. coli
background, the emission spectrum of cells expressing CitA-YFP fusion revealed
comparable spectral shape and peak position to that of YFP reference spectrum

(Fig. right).

100 1.0 5
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Figure 4.8: Functional tests of CitA-YFP fusion. Left: functional assay of CitA-YFP
by inducing dcuB’-’lacZ reporter gene expression. Functionality was normal-
ized to unity compared to wild-type CitA (100%). CitA~: CitA-deficient E.
coli strain. CitA: E. coli expressing wild-type CitA. CitA-YFP: E. coli cells ex-
pressing CitA-YFP. Right: emission spectra (A.,= 488 nm) of cells expressing
CitA-YFP fusion (black: buffer-subtracted; red: E. coli-subtracted) in compar-

ison with YFP reference spectra (yellow). Spectra were normalized by peak
intensity.

FP fusions of aerobic dicarboxylate transporter DctA To study the interaction
between DcuS and DctA in living cells, DctA was genetically tagged with CFP or
YFP at N- or C-terminus. The dctA-cfp or dctA-yfp plasmids complemented the
growth of the DctA-deficient E. coli strain (IMW244). The CFP or YFP fluorescence
was examined among these DctA-FP fusions. DctA-YFP (C’) shows higher intensity
than other fusions (Fig. [4.9). Therefore, the DctA-YFP (C’) fusion was used for
further experiments. After subtraction of buffer or E. coli background, the emission
spectrum of cells expressing DctA-YFP fusion revealed identical peak position to
the YFP reference spectrum (Fig. [4.10), and the spectral shape was a little broader
than YFP reference spectrum due to inadequate background subtraction by either
buffer spectrum or E. coli spectrum. To test the induction-time dependence of
the expression of DctA-YFP (C’) protein, E. coli cell expressing DctA-YFP (C’) was
incubated in the presence of 333 uM arabinose. Emission spectra of DctA-YFP (C’)
was measured hourly from 3 hr to 8 hr. DctA-YFP (C’) revealed time-dependent
increase in fluorescence intensity (Fig. [4.11)).
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Figure 4.9: Emission spectra of DctA-FP fusions. Left: DctA-CFP fusions (A= 433
nm). Right: DctA-YFP fusions (A.,= 488 nm). All spectra were buffer-

subtracted.
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Figure 4.10: YFP fluorescence of DctA-YFP. Emission spectra (A= 488 nm) of
cells expressing DctA-YFP fusion (black: buffer-subtracted; red: E. coli-
subtracted) in comparison with YFP reference spectrum (yellow).

Fluorescence (integral)
N

o

T T
5 6 7 8

Induction time (hr)

Figure 4.11: Time-dependent induction of DctA-YFP. DctA-YFP fusion was induced by
333 uM arabinose from 3 hr to 8 hr. Emission spectra (A.,= 488 nm) were
recorded hourly. Integrated emission spectra were plotted versus induction
time, and then normalized to unity.
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4.1. SAMPLES

Conclusion Upon fusion with CFP or YFP, FP-fusions of DcuS, CitA or DctA re-
vealed comparable functional activities and fluorescence characteristics to their
wild-type counterparts. These fusions were adequate and competent to study the
protein-protein interactions of DcuS with CitA or DctA in living cells.
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4. RESULTS

4.1.2 Labeled Dcus for in vitro Measurements

Cysteine mutants for fluorescent labeling Wild-type DcuS protein, DcuS (WT),
contains two endogenous cysteine residues (C199 and C471) for thiol-reactive
labeling at neutral pH (similar to physiological conditions). C199 residue is the
membranous cysteine located in the end of the second transmembrane domain
(TM2). C471 residue is the cytosolic cysteine located in the C-terminal kinase
domain. For extrinsic fluorescent labeling, wild-type and cysteine mutants of DcuS
were prepared. Fig. [4.12|demonstrates the wild-type and cysteine mutants of DcuS
used in this study.

X
* *
* * *
DcuS (WT)  DcuS (C471S)  DcuS (C199S)  DcusS (BD) Dcu$S (Cys)

Figure 4.12: Recombinant DcusS proteins used in this study: wild-type (WT) and cys-
teine mutants. DcuS (BD) is a binding-defect mutant (R147A) with single
cysteine mutation (C199S).

To preserve the function of DcuS mutants, cysteine mutants of DcuS were pre-
pared by site-directed mutagenesis (Table. to replace cysteine (Cys, C) with
serine (Ser, S). To create single labeling site on DcuS, single cysteine mutants,
DcuS (C199S) and DcuS (C471S), were genetically generated by mutation of ei-
ther C199S or C471S. To create no labeling site on DcuS as a negative control to
rule out the non-specific labeling, a cysteine-less mutant, DcuS (Cys™~), was gener-
ated by mutations of both C199S and C471S. In addition, a binding-defect mutant
with single labeling site, DcuS (BD), was generated by mutations of both R147A
and C199S.

DcuS mutant Mutation Cysteine residue(s)
DcuS (WT) Wild-type 2 (C199 & C471)
DcuS (C471S) C471S 1 (C199)

DcuS (C199S) C199S 1 (C471)

DcuS (BD)* R147A (binding-defect) & C199S 1 (C471)

DcuS (Cys™) C199S & C471S 0 (no cysteine)

*BD: binding-defect

Table 4.2: Recombinant Dcu$S proteins: wild-type (WT) and cysteine mutants.
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4.1. SAMPLES

Functionality Based on the structural similarity of cysteine and serine residues,
cysteine-to-Serine mutation usually preserves the functional activity of protein.
The functional activity of DcuS mutants was examined by inducing dcuB’-'lacZ
expression compared to wild-type DcuS (Fig. [4.13). The functional activity of
DcuS (C199S) mutant is comparable to that of wild-type DcuS. DcuS (C471S) and
DcuS (Cys™) mutants retain around 80% of functional activity compared to wild-
type DcuS. R147A mutation of DcuS leads to nearly complete loss of stimulation
of dcuB'-'lacZ expression (Fig. [4.13). The binding-defect DcuS mutant retains the
same kinase activity as DcuS (WT) for autophosphorylation and phosphor transfer
to DcuR, but the kinase activity was no longer stimulated by C4-dicarboxylates

[15].
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Figure 4.13: Functionality of DcuS: wild-type and cysteine mutants. (details see

E21)

Labeling of DcuS with thiol-reactive fluorophores For site-specific labeling of
DcusS, two categories of thiol-reactive groups (Fig. [4.14]) were tested, including (1)
maleimide (Alexa Fluor 488 and Alexa Fluor 594) and (2) iodoacetamide (IAF and
TMRIA). DcuS (Cys~ mutant) was used as a negative control to check the speci-
ficity of different thiol-reactive dyes (Fig. |4.15). To purify labeled DcuS, different
purification techniques were applied, such as size-exclusion chromatography (PD-
10 column) or concentrator (Vivaspin). All free dyes were successfully removed
by purification (Fig. left). DcuS (wild-type) could be successfully labeled
with all dyes (Fig. right). However, DcuS (Cys™) mutant was also labeled by
different so-called thiol-specific reactive groups (maleimide and iodoacetamide).
Even no specific labeling of DcuS could be achieved, maleimide-based (Alexa 488
and Alexa 594) and iodoacetamide-based (IAF and TMRIA) fluorophores can still
be used for the oligomerization of DcuS by inter-molecular FRET.
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1. Maleimide

Alexa 488 C,-maleimide
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Figure 4.14: Chemical structures of thiol-reactive fluorescent dyes used in this

study
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Figure 4.15: Purification and labeling of thiol-reactive dyes. Left: free dyes (1 uM)
before or after purification (combining PD-10 column and vivaspin). Right:
labeling of DcuS, WT and Cys ™ mutant, after purification (details see(3.2.1).
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FRET pairs for in vitro measurements Two independent FRET pairs (Fig. [4.16)),
maleimide-based pair (Alexa 488 and Alexa 594) or iodoacetamide-based pair
(IAF and TMRIA), were used respectively for in vitro FRET measurements (Sec.
and [4.3). All dyes were excited at shorter wavelengths than their absorption
maxima to avoid the interference of excitation light in the detection of emission
light.
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Figure 4.16: Absorption and emission spectra of two independent FRET pairs. Left:
Alexa Fluor 488-5-maleimide (donor) and Alexa Fluor 594-5-maleimide (ac-
ceptor). Alexa 488 was excited at 480 nm. Alexa 594 was excited at 580
nm. Right: IAF (donor) and TMRIA (acceptor). IAF was excited at 480 nm.
TMRIA was excited at 530 nm. All spectra were normalized to unity.

Three types of samples were examined for in vitro FRET (Fig. 4.17): (1) mixture
of donor and acceptor (free dyes) in detergent, (2) mixture of labeled DcuS in
detergent, and (3) mixture of labeled DcuS reconstituted into liposomes. Aliquots
of DcuS were labeled with either donor or acceptor. Labeled DcuS batches were
mixed and then measured in detergent or functionally reconstituted into liposomes
to examine the functionally-relevant oligomeric state of DcuS.

1. Mixture of free dyes 2. Mixture of labeled DcuS 3. Mixture of labeled DcuS
(in detergent) (in detergent) (in liposomes)
% Donor %QQ Wi%
I 1 )o) o
* &% ok
* Acceptor (o] peo
® S
O~ Detergent Detergent Liposome

Figure 4.17: Samples for in vitro FRET measurements: (1) mixture of donor and ac-
ceptor (free dyes) in detergent; (2) mixture of donor- and acceptor-labeled
DcusS in detergent; (3) mixture of donor- and acceptor-labeled DcuS recon-
stituted into liposomes.
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Intrinsic Fluorescence and Protein Stability The protein stability of DcuS was
monitored by intrinsic fluorescence in vitro, in the absence or presence of extrinsic
labeling (Fig. 3. Intrinsic fluorescence). The emission maximum (A,,,,) of
intrinsic tryptophan fluorescence of DcuS was monitored as an indicator of protein
stability or folding during storage (Fig. red circle). While excited at 280 nm,
DcuS protein showed an emission maximum (4,,,,) at 335 nm. If the protein
unfolds or denatures during storage, the emission maximum will shift to a longer
wavelength due to exposure to a more polar environment. In this study, DcuS
protein was stored at —20 °C before use. The emission maxima (A,,,) of DcuS
proteins remain steady at 335 nm during storage (Fig. red circle), indicating
that DcuS proteins remain stable for a short-term storage of at least two weeks.

335.5
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Figure 4.18: Protein stability of DcuS monitored by intrinsic fluorescence. DcuS
proteins, unlabeled (red circle) and labeled (blue square), were excited at
280 nm. Wavelength of emission maxima (A57,) were recorded as a func-
tion of time (day).

In the presence of extrinsic fluorescent labeling, the tryptophan emission maxi-
mum (A,,,,) of labeled DcuS (Fig. blue square) were still at 335 nm, com-
parable to that of unlabeled DcuS (Fig. red circle). Therefore, the labeling
of fluorophores on DcuS protein had no effect on the protein folding and native
conformations. Moreover, the emission maxima (A,,,,) of labeled DcuS remained
steady at 335 nm during storage (Fig. blue square), indicating that labeled
DcuS remained stable for a short-term storage of at least one week. Since pro-
tein samples were always measured immediately after labeling without long-term
storage, measured DcuS proteins are supposed to fold correctly to their native
conformations in this study.

Conclusion Wild-type and cysteine mutants of DcuS were generated and labeled
with thiol-reactive fluorophores. However, DcuS (Cys~) mutant was consider-
ably labeled by different thiol-specific reactive groups (maleimide and iodocac-
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etamide). Even no specific labeling of DcuS could be achieved, oligomerization of
DcusS in vitro (Sec. 4.3.2)) can still be examined by inter-molecular FRET.
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4.2. QUANTITATIVE FRET ANALYSIS

4.2 Quantitative FRET Analysis

The degree of oligomerization of DcuS was aimed to be determined by fitting with
a model of oligomeric states (2.4). This model requires the FRET efficiency (E) as
a function of the donor fraction (fp). FRET efficiencies are often determined by
reduced donor fluorescence or sensitized acceptor fluorescence (2.3.2). For this,
the fluorescence intensity of one fluorophore (donor or acceptor) in the complex is
compared with the fluorescence intensity in the absence of the other fluorophore.
This comparison requires that the fluorophore concentrations are either constant
or known. However, in living cells constant fluorophore concentrations are hard
to achieve. Therefore, the fluorophore concentrations have to be determined. This
is usually done by absorption spectroscopy. However, this cannot be done with
samples which scatter light strongly, e.g. cells or samples containing liposomes or
detergent micelles. Scattering problem is a common issue in our samples. Take
the Alexa 488-labeled DcuS reconstituted in liposomes as an example. A typical
absorption of Alexa 488 (Fig. black) was completely masked in the absorp-
tion spectrum of Alexa 488-labeled DcusS in liposomes (Fig. red). Because
of the scattering originated from the liposomes, the concentration of Alexa 488
cannot be determined by absorption. Similarly, it is also difficult to determine
the fluorophore concentrations in DcuS-FP expressing E. coli cells because of the
scattering originated from the cell particles.
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Figure 4.19: Two absorption spectra of Alexa 488-maleimide (Alexa 488) with differ-
ent background. Red: Alexa 488-labeled DcuS protein reconstituted into
liposomes (= 0.5 uM estimated from emission spectrum). Black: Alexa 488
(0.5 uM) dissolved in DcuS-labeling-buffer exhibits absorption maximum at
494 nm.

To deal with the general problem of scattering, a method was developed in this
study, without the requirement of known fluorophore concentrations for the de-
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termination of both FRET efficiency and donor fraction. For this, we modified a
method described by Gordon et al. [48]], which is based on fluorescence emission
spectra and does not use absorption. The method yields not only FRET efficien-
cies but also a measure for the fluorophore concentrations to determine the donor
fraction. However, this method presumes background-free fluorescence signals of
donor, acceptor, and complex of both. Because measured fluorescence spectra, at
least in our case, were strongly contaminated with background originated from
different sources, the background must be removed before applying this method.

In summary, our quantitative FRET analysis consists of three steps as described
in Fig. The first step, spectral correction and background subtraction, is
to prepare background-free spectra for further FRET quantification. The second
step, Gordon’s equation, is to determine FRET efficiency (E) and donor fraction
(fp) from the corrected spectra. The third step is to determine the degree of
oligomerization (n) by fitting a model of oligomeric states to the plot of FRET
efficiency against donor fraction. By integrating these three steps into a computer
procedure, an automatic quantitative FRET analysis was developed which is easy,
fast, and high-throughout to quantify FRET accurately and robustly, even in living
cells.

4.2.1 Step 1: Spectral Correction and Background Subtraction

The first step of our FRET analysis is to prepare background-free corrected spectra
for further FRET quantification. All measured spectra were first processed by a
general series of spectral corrections (4.2.1.1). The preliminarily-corrected spec-
tra were than subjected to further background subtraction (4.2.1.2)). For a reliable
subtraction of potential background, a flexible background subtraction (FBS) was
developed based on a multi-parameter fitting function which can remove
the background individually, instead of subtraction by a fixed background. The
accuracy and consistency of FBS was theoretically validated by Monte Carlo simu-
lation (4.2.1.4), then tested the accuracy and applicability of FBS experimentally
by defined dilution series and mixture series in living cells (4.2.1.5). FBS was
verified to yield background-free spectra for further FRET quantification, even in
living cells.
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Figure 4.20: Workflow scheme: quantitative FRET analysis.
4.2.1.1 Spectral Correction

The measured fluorescence spectra were processed by a general series of spectral
corrections as follows:

1. Fluorescence intensity of the signal detector was corrected for the dead-
time of the detector by Eq. (4.1) [59], [60]:

F
Feorr = I—F (41)

" Saturation

where F is the observed fluorescence intensity, F,,, is the corrected fluores-
cence intensity, Saturation is the detection limit of the signal detector. Ac-
cording to the instruction manual, the signal detector (Fig. saturates at
2 x 107, and the fluorescence signal is non-linear above 2 x 10°. An empirical
value (2 x 107 x 1.66) for Saturation obtained after trials was used.

2. Reference detector The temporal fluctuations of the light source were cor-
rected by building the ratio:
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F
Fcorr - 5 (42)

~

where R is the reference signal (Fig. [2.2]) simultaneously recorded by the ref-
erence detector to correct the time-dependent fluctuation of the light source
and the wavelength-dependence of the excitation monochromator.

3. Wavelength dependence of the detector was corrected by multiplying with
the manufacturer’s correction factor ¢(A) for our FluoroMax-2 spectrofluo-
rometer (Jobin Yvon-Spex), Fig. 4.21)):

Feorr = F X C(A’) (43)

250
200
150

c()

100
50

O 7 T
300 400 500 600 700 800
Wavelength (hm)

Figure 4.21: The manufacturer’s correction factor (c¢(1)) to correct for variations in
the spectral detector sensitivity.

4.2.1.2 Background Problems

After these general spectral correction, the spectra were subjected to individual
processes to remove potential background signals. Take E. coli cells expressing
both donor (D) and acceptor (A) as an example (Fig. [4.22), the measured spec-
trum (DA, black) contains not only signals from donor (blue) and acceptor (yel-
low), but background signals including:

e Cellular autofluorescence from E. coli cells (red)
e Rayleigh scattering from E. coli cell particles (purple)
e Raman scattering from buffer (green)

e Offset from instrumental noise (grey)
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Figure 4.22: Spectral Components. Measured spectrum (black) of E. coli cells contain-
ing both donor and acceptor. In addition to signals from donor (blue) and
acceptor (yellow), measured spectrum contains background signals such
as: (1) E. coli (red): cellular autofluorescence, (2) buffer (green): Raman
scattering, (3) cell particles (purple): Rayleigh scattering, (4) offset (grey):
instrumental noise.

E. coli cellular autofluorescence causes inevitable background problems for in vivo
fluorescence measurements. E. coli cells contain endogenous fluorophores, such as
nicotinamide adenine dinucleotide (NADH)and flavin adenine dinucleotide (FAD)
[61]. The Rayleigh scattering in our experiments is originated from lipid or de-
tergent micelles (in vitro) or from cell particles (in vivo). The extent of scattering
depends on the size and the amount of particles. Larger particles, such as liposome
or E. coli cells, scatter stronger than smaller ones. The more particles cause the
stronger scattering. In addition, a Raman scattering from water (buffer) and an
offset from the instrumental noise are also observable. Because the background
signals varies from cell to cell, it is not adequate to subtract an individual sample
signal by a universal background. Therefore, a flexible background subtraction
(FBS) was developed to eliminate the heterogeneous background signals among
cells or liposomes.

4.2.1.3 Concept of Flexible Background Subtraction

Take again the measured spectrum obtained from E. coli cells expressing both CFP
donor (D) and YFP acceptor (A) as an example. The measured spectrum (Fig.
left) can be regarded as a linear superposition of all fluorescence signals
(spectra of donor and acceptor) and background signals (spectra of scattering,
autofluorescence, and so on).
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Figure 4.23: Concept of multi-parameter fitting function. Left: measured spectrum as
a superposition of all signals and background signals. Right: FBS-corrected
spectrum as a superposition of all signals without background. The spec-
tral components in the multi-parameter fitting function include: offset (a),
scattering (x%), Raman scattering (c * Buf fer(x)), E. coli autofluorescence
(d*Ecoli(x)), CFP fluorescence (e x D(x)), and YFP fluorescence (f *A(x)).

To remove the background signals and to extract the pure fluorescence signals
from the measured spectrum, a multi-parameter fit was applied (Eq. (4.4)). This
equation describes the measured spectrum as a sum of all fluorescence signals and
background signals (Fig. left), including offset (a), scattering ()%), Raman
scattering (c x Buf fer(x)), E. coli autofluororescence (d * Ecoli(x)), CFP fluores-
cence (e*D(x)), and YFP fluorescence (f xA(x)).

b
FI(x)=a+ F—i—c*Buffer(x) +d*Ecoli(x)+exD(x)+ fxA(x) “4.4)

Each signal has an individual prefactor (a-f). The measured spectra were fitted
with Eq. (4.4) in order to obtain the individual contributions of each signal. By
removing the background, the signals of donor and acceptor can be extracted (Fig.

4.23| right).

Reference Spectra The accuracy and reliability of the multi-parameter fitting
function depends on the quality of the spectral components (reference spectra).
Before applying the multi-parameter fit to our measured spectra, reference spectra

were recorded (Fig. 4.22)).
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Fluorescence

f.

Offset: assumed as a weak constant detector noise.
Rayleigh scattering: The intensity is proportional to % (471

Raman scattering: Instead of a standard spectrum, individual reference spec-
trum from the buffer spectrum was recorded at the same day and under the

same conditions for each test series.

Cellular autofluorescence: Instead of a standard spectrum, individual refer-
ence spectrum was recorded from the E. coli spectrum grown in parallel to the
FP-expressing cell samples under the same conditions for each test series.

CFP donor: cytosolic CFP (without fusion, details see Sec. [3.2.2)) was purified
to obtain reference spectra (Fig. [4.24). Autofluorescence spectra (Fig.
are usually broader than the CFP spectra. The scattering and autofluorescence
were obviously removed during purification steps (Fig. arrows). No more
narrower spectra were observed after the second and third steps, suggesting no
more autofluorescent molecules to be removed. The constant spectral shape
suggests an almost background-free reference spectrum (Fig. [4.22)). The ma-
jor peak position (476 nm) of purified CFP was in good agreement with the
literature values.

1.0+ 1.0+

CFP (A.,=488nm)

CFP (A.,=433nm)
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Figure 4.24: Reference spectra of CFP. CFP was purified from cell lysates to re-
move the autofluorescence components by purification steps, including
centrifugation, ultracentrifugation, and three runs of concentration by vi-
vaspin (3.2.2). For each run of vivaspin concentration, emission spectra
were recorded at an excitation wavelength of 433 nm or 488 nm respec-
tively. Autofluorescence and scattering were gradually removed during
purification steps (left, arrows).

YFP acceptor: Reference spectrum of purified YFP was prepared in the same
way as CFP (Fig. [4.25). The peak position (527 nm) and spectral shape of
purified YFP was in good agreement with the literature values.
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Figure 4.25: Reference spectra of YFP. For more details see Fig.
4.2.1.4 Monte Carlo Simulation of Background Subtraction

Concept: Simulation and Analysis Before applying flexible background subtrac-
tion (FBS) to our experimental data, the accuracy and consistency of our multi-
parameter fitting function for FBS was theoretically examined by a numerical test
based on Monte Carlo simulation. The concept of our Monte Carlo Simulation test
is as follows:

1. Generated a spectrum (Fig. |4.26l red) by creating random values for the
parameters (a-f) of Eq. (4.4)

2. Analyzed the spectrum with our FBS routine (Fig. |4.26| black dashed), i.e.
used Eq. (4.4) for a second time, to determine the fitting parameters (@'-f)

3. Built the difference between values from the fit and the created spectrum
(Aaza/— a, ...)

By repeating steps 1-3 for 10,000 times, the differences as histograms were plotted
for all parameters (Aa-Af) and built the average and standard deviation for each
parameter.

Two examples of Monte Carlo simulation and analysis are shown in Fig. [4.26] and
the results of 10,000 repeats are shown in Fig. The fitting results are in
perfect agreement with the simulated spectra.

To test the accuracy and consistency of our fitting function, the Monte Carlo sim-
ulation and analysis were performed under different conditions, such as adding
spectral noise, changing the starting values, or both modifications.
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Figure 4.26: Two examples of simulated spectra. Spectra (red solid line) were created
by arbitrary values of a-f and Eq. (4.4), and then treated by the FBS routine
(black dashed line).
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Figure 4.27: An example of results of Monte Carlo simulation and analysis. 10,000

spectra were generated with Eq. (4.4) and random values for the parame-
ters a-f. Subsequently, the spectra were analyzed by FBS routine yielding
a’-f’ and the differences (Aa-Af) were plotted as histograms.
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Spectral Noise To test if the relatively low signal-to-noise ratio in biological sam-
ples (in particular in living cells) may affect the performance of the fitting func-
tion, the fitting function was examined by adding extrinsic noise to the simulated
spectra as follows:

1. Generated a spectrum by creating random values for the parameters (a-f)

2. Added extrinsic noise (from 0% to 10% relative to the peak value of
each generated spectrum, respectively) to the new spectrum

3. Analyzed the new spectrum to determine the fitting parameters (a -f )
4. Built the difference (fit-simulation)

For each extent of extrinsic noise (0%~10%) in the step 2, steps 1-4 were re-
peated for 10,000 times. The results of the test containing noise (1%) were shown
in Fig. The widths of the distribution indicate the errors in the determi-
nation of each fitting parameters. Even the errors in the histograms were larger
compared with the test without noise (Fig. [4.27)), the accuracy of averages were
still comparable to those obtained from the test in the absence of noise. Note,
that the most important values of D and A reveal the smallest errors (Ae and Af).
Moreover, the averages of differences (Ae and Af) were plotted as a function of
added noise (Fig. [4.29). For the contributions of donor (Fig. left, Ae) and
acceptor (Fig. right, Af), the average values of the differences (Ae and Af)
are always 0, only the errors of the differences increased with the noise added to
the simulated spectra. While the actual spectral noise of our experimental data is
around 1% (Fig. arrows), the fitting function can determine the fitting pa-
rameters of donor (parameter e) and acceptor (parameter f) with an error of only
2% and 4% respectively. In conclusion, the fitting performance should be reliable
for our experimental data despite of the spectral noise.

Starting values To test if different starting values may affect the performance
of our fitting function, the fitting function was then examined by using randomly
generated sets of starting values as follows:

1. Generated a spectrum by creating random values for the parameters (a-f)

2. Created random values for the starting values for parameters (a,-f;).
The starting values for each parameters were set in the following ranges:
a(—0.1~0.1), b (—1x'°~3x1019), ¢ (-1~3), d (0~3), e (0~3), f (0~3)

3. Analyzed the new spectrum to determine the fitting parameters (a -f )
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Figure 4.28: The effect of spectral noise on the accuracy of our FBS routine for the
individual contributions of donor and acceptor. 10,000 spectra were
generated with Eq. and random values for the parameters a-f. 1% of
noise (relative to the peak intensity of each spectrum) was added to these
spectra. The simulated spectra were then analyzed by FBS routine, and the
differences (Aa-Af) were plotted as histograms.
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Figure 4.29: The effect of spectral noise on our FBS routine. Simulated spectra were
generated by adding various noise (0%, 0.1%, 0.2%, 0.5%, 1%, 2%, 5%,
10% of the peak intensity of each spectrum). The simulated spectra con-
taining different levels of noise were analyzed by the FBS routine. The av-
erage values of the differences with their standard deviations were plotted
as a function of noise. The arrow indicates the actual noise level (1%) in our

measured spectra.
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4. Built the difference (fit-simulation)

Steps 2-4 were repeated for 10,000 times. The results looked exactly the same
as Fig. The fitting results (fit) matched perfectly with the original spectral
data (simulation). The accuracy and consistency of our FBS routine was verified
despite of various starting values, i.e. FBS dos not depend on the choice of the
starting values.

Spectral Noise and Starting Values Moreover, Monte Carlo simulation was per-
formed on noise-added simulated spectra by using various sets of starting values
as follows:

1. Generated a spectrum by creating random values for the parameters (a-f)
2. Added 10% noise to the spectrum

3. Created random values for the starting values for parameters (a,-f;)
4. Analyzed the new spectrum to determine the fitting parameters (a -f )

5. Built the difference (fit-simulation)

By repeating steps 1-2 for 10 times to generate 10 simulated spectra and repeating
steps 3-5 for 1,000 times for each spectra, the results were very similar to Fig.
In particular, the standard deviations for Ae and Af did not change very
much and still in the range of 2%-4%. The accuracy and consistency of the fitting
function was verified despite of various starting values, even in the presence of
10% of spectral noise. Since the actual spectral noise of our experimental data is
around 1%, the fitting performance is almost independent of the starting values.

Conclusion The robustness of our background subtraction algorithm was tested
by generating random spectra, and by adding spectral noise, changing the starting
values and by applying both modifications. The values obtained by the fitting pro-
cedure were in good agreements with the initial values of the parameters used for
creating the spectra. This means that signal and background could be determined
with high accuracy, and the background can be removed from the raw data effi-
ciently. In conclusion, the applicability of our multi-parameter fitting function was
successfully proved by Monte Carlo simulation.
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4.2.1.5 Experimental Validation of Background Subtraction

The accuracy of our fitting function was also evaluated experimentally by using
defined mixtures of CFP and YFP in living cells. To check if the decrease of fluo-
rophore concentration may affect the performance of our fitting function, various
dilution series and mixture series were tested as follows:

1. Dilution by substitution with E. coli
a. CFP-expressing cells
b. YFP-expressing cells
2. Mixtures of CFP- and YFP-expressing cells
3. Mixtures of E. coli cells (no D/A), CFP- and YFP-expressing cells
a. fixed amount of E. coli cells
b. fixed amount of CFP-expressing cells
c. fixed amount of YFP-expressing cells

All test series have been analyzed with Eq. (4.4) to remove background and to

determine the contributions of donor and acceptor.

Dilution by substitution with E. coli To check if the decrease of CFP fluores-
cence may affect the performance of our fit, a dilution series of CFP-expressing E.
coli cells was tested (Fig. left) by substitution with E. coli cells (no FP). Upon
serial dilution of the CFP-expressing cells, a linear decrease in fluorescence of CFP
was expected to pass through the origin. The linear fit of fitting results of parame-
ter e (CFP) (Fig. right) demonstrated that the decrease in CFP concentration
had no effect on the accuracy of the fit.

Similarly, a dilution series of YFP-expressing E. coli cells was also tested (Fig.
left) to check if the decrease of YFP fluorescence may affect the performance of
our fit. Upon serial dilution of the YFP-expressing cells, a decrease in fluorescence
of YFP was expected to pass through the origin. The linear fit of fitting results
of parameter f (YFP) as a function of relative cell concentration (Fig. right)
demonstrated that the decrease in YFP concentration had no effect on the accuracy
of the fit.
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Figure 4.30: Dilution Series of CFP-expressing cells to examine the effect of flu-
orophore concentration on the accuracy of multi-parameter fitting.
CFP-expressing E. coli cells were serially diluted by substitution with E. coli
cells. Emission spectra were measured at excitation wavelength of CFP
(433 nm) in PBS buffer. Measured spectra (red) were analyzed by FBS rou-
tine yielding fitted spectra (black dashed). The fitting results for parameter e
(the contribution of CFP) were plotted against relative CFP-expressing cell
concentration (red dot). The initial concentration of CFP-expressing cells
was set as 1.0. The linear fit to the data was indicated by a black solid line.
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Figure 4.31: Dilution Series of YFP-expressing cells. YFP-expressing E. coli cells
were serially diluted by substitution with E. coli cells. Emission spectra were
measured at an excitation wavelength of YFP (488 nm) in PBS buffer. For
more details see Fig. [4.30]
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Mixture series of CFP-expressing and YFP-expressing cells To check if the co-
existence of CFP fluorescence and YFP fluorescence affect the performance of our
fit, a mixture series of CFP-expressing and YFP-expressing cells was tested. CFP
and YFP were expressed independently in E. coli cells. CFP-expressing cells and
YFP-expressing cells were mixed at different ratios (Fig. upper panel). Two
different excitation wavelength were used (433 nm and 488 nm). The fitting
results revealed a linear increase of CFP through the origin and a linear decrease
of YFP through the point (1,0). (Fig. lower panel). No offsets in both linear
fits demonstrated that the difference in the relative ratio of CFP to YFP had no
effect on the accuracy of the fit.
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Figure 4.32: Mixture series of CFP-expressing cells and YFP-expressing cells.
Stock solutions of CFP-expressing cells and YFP-expressing cells were
mixed at different ratios (VCF‘;CJF%). Samples were prepared with increas-
ing Vcrp (volume of CFP-expressing cell solution) and decreasing Vygp (vol-
ume of YFP-expressing cell solution) to a total volume (Vepp + Vyrp) of 1 ml.
Emission spectra were measured in PBS buffer, by excitation at 433 nm and
488 nm respectively. Measured spectra (red) were analyzed by FBS rou-
tine. The fitting results for parameter e (lower left, the contribution of CFP)
and parameter f (lower right, the contribution of YFP) were plotted against

) . VC[.‘[J
mixing ratio (7VCFP+VYFP)'

Mixtures of E. coli cells (no D/A), CFP- and YFP-expressing cells To test if an
additional E. coli background may affect the performance of our fitting function,
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a fixed amount of E. coli cells was added to the mixture series of CFP-expressing
cells and YFP-expressing cells (Fig. upper panel). The fitting results revealed
a linear increase of CFP and a linear decrease of YFP as expected (Fig. lower
panel), and the accuracy in the presence of additional E. coli background was
comparable to that in the absence of additional E. coli background (Fig. [4.32),
revealing that the additional E. coli background in the mixture series had no effect
on the accuracy of the fitting function.
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Figure 4.33: Mixture series of CFP-expressing cells and YFP-expressing cells con-
taining a fixed amount of E. coli cells. In the presence of constant
amount of non-FP-expressing E. coli cells (Vg..i), CFP-expressing cells

and YFP-expressing cells were mixed at different ratios (%) to a to-

tal volume (Vepp + Vyrp + Vecoii) Of 1 ml. Conditions see Fig.

Similarly, the mixtures of fixed amount of CFP-expressing cells, and increased the
amount of YFP-expressing cells in the mixtures were prepared (Fig. upper
panel). The fitting results revealed a constant level of CFP and a linear increase of
YFP as expected (Fig. lower panel).

Finally, the mixtures of fixed amount of YFP-expressing cells, and increased the
amount of CFP-expressing cells in the mixtures were prepared (Fig. upper
panel). The fitting results revealed a constant level of YFP and a linear increase of
CFP as expected (Fig. lower panel).
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Figure 4.34: Mixture series of YFP-expressing cells and non-FP-expressing E. coli
cells containing a fixed amount of CFP-expressing cells. In the pres-
ence of constant amount of CFP-expressing cells (Vcrp), YFP-expressing

cells were mixed with E. coli cells at different ratios (

YFP

) to a total

volume (Verp + Vypp + Vicoi) of 1 ml. Conditions see Fig.
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Figure 4.35: Mixture series of CFP-expressing cells and non-FP-expressing E. coli
cells containing a fixed amount of YFP-expressing cells. In the pres-
ence of constant amount of YFP-expressing cells (Vyrp), CFP-expressing

cells were mixed with E. coli cells at different ratios (

Verp
Verp Ve h_) to a total

volume (Verp + Vypp + Vicoii) of 1 ml. Conditions see Fig.
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Conclusion The first step of our automatic FRET analysis, flexible background
subtraction (FBS) based on a multi-parameter fitting, was verified theoretically
and experimentally. The accuracy and consistency of our FBS routine was vali-
dated by Monte Carlo simulations. The applicability of it to our in vivo measure-
ments was carefully examined by various defined dilution series and mixture series
of FP-expressing cells. Our fitting function can accurately determine the amounts
of CFP and YFP in living cells, even the absolute and relative fluorescence in-
tensities in the samples are of different magnitudes. In conclusion, our flexible
background subtraction (FBS) can accurately and effectively yield background-
free spectra for the second step, subsequent calculation of FRET efficiency and
fluorophore concentration indexes.

4.2.2 Step 2: Gordon’s Equation
4.2.2.1 Adaptation for Fluorescence Spectroscopy

The second step of our FRET analysis is for the accurate determination of FRET
efficiency and donor fraction based on the background-free FBS-corrected spec-
tra obtained from step 1 (4.2.1). Gordon’s equation (Eq. (2.10)) [48], originally
developed for fluorescence microscopy, is a FRET quantification method combin-
ing the correction for spectral crosstalk with the normalization for variations in
fluorescence concentrations.

The applicability of Gordon’s equation was extended to fluorescence spectroscopy
by the following adaptations to quantify FRET efficiency and donor fraction from

measured spectra (Fig. 4.36)):

e 3 values from spectra of samples containing both donor and acceptor (DA)

e 6 values from spectra of references containing either donor (D) or acceptor

(A)
e G factor for FRET pair (see below)

The concept of filter sets (channels) in fluorescence microscopy was converted into
excitation/detection wavelength pairs in fluorescence spectroscopy (Fig. [4.37).
Gordon’s equation is based on the detection of both quenched donor emission
and sensitized acceptor emission. To apply Gordon’s equation to fluorescence
spectroscopy, two emission spectra of each sample were recorded by excitation
of mainly donor or acceptor respectively. For the detection of FRET, donors are
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Mixture (DA) h References (D or A) G factor
3 values 2 x 3 values for
from spectra ) from spectra FRET pair
( )
Gordon's equation |«
L J

FRET efficiency Donor fraction
(E) (fD)

Figure 4.36: Adaptation of Gordon’s equation for fluorescence spectroscopy. 3 val-
ues from samples containing both donor and acceptor were determined
every times to quantify corresponding FRET efficiency and donor fraction in
the presence of both donor and acceptor. 6 values from references (either
donor or acceptor) and G factor were determined once for each FRET pair
in this study.

excited at their absorption wavelength maximum, and FRET signals are detected
at acceptor emission wavelength simultaneously. However, donors may not exclu-
sively excited at their excitation wavelength. Due to the requirement of spectral
overlap between donor emission and acceptor absorption for the occurrence of
FRET, acceptors may also be excited at donor excitation wavelength and detected
at acceptor emission wavelength. Therefore, not only FRET signals but other non-
FRET signals (the direct excitation of acceptor at donor excitation wavelength
and the detection of donor emission at acceptor emission wavelength) may also
be detected at acceptor emission wavelength. For the separation of FRET and
non-FRET signals, Gordon’s equation corrects these cross talk by three filter sets
in fluorescence microscopy. In our cases for spectroscopy, three values were ex-
tracted from two measured spectra mentioned above by the following three exci-
tation/detection wavelength pairs (Fig. [4.37):

e Donor (D): excitation at the wavelength of donor excitation maximum (ler)
/ detection at the wavelength of donor emission maximum (A2), hereafter
cited as Ap/Ap

e FRET (F): A2 / detection at the wavelength of acceptor emission maximum
(A4 ), hereafter cited as Ap/As

e Acceptor (A): excitation at the wavelength of donor excitation maximum
(AL) / A2, hereafter cited as A4/
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Figure 4.37: Fluorescence intensity values taken from the recorded and corrected
emission spectra for analysis with Gordon’s equation. For each sam-
ple, two spectra are recorded and three signals are extracted. The arrows
indicate the spectral positions of excitation and detection for the three sig-

nals.

Table. summarizes the spectral positions of three excitation/detection wave-

length pairs for each FRET pair in this

study.

Wavelength pair (A, / Aer) in nm
FRET pair D F A
PDI / TDI 480 / 535 480 / 665 580 / 665
Alexa 488 / Alexa 594 | 480 / 517 480 / 620 580/ 620
IAF / TMRIA 480 / 520 480 / 575 530/ 575
CFP / YFP 433 / 477 433 / 527 488 / 527

Table 4.3: Spectral positions of three excitation/detection wavelength pairs (4., /
Aem) for FRET pairs in this study. Wavelength pairs of D (Ap / Ap), F (Ap /
A4), and A (A4 / A4) are as illustrated in Fig. where Ap or A4 refer to the
excitation (A.,) or detection wavelength (A.,,) of either donor (D) or acceptor

(A).

In addition to 3 values from the spectra of sample containing both donor and
acceptor (Fig. [4.36, upper left, DA), the spectra of references containing either
donor or acceptor were also measured to get 6 values (Fig. [4.36 upper center,

D or A). Taken together, 9 values will be extracted from 3 samples (donor-only,

acceptor-only, or both donor and acceptor) by 3 excitation/detection wavelength

pairs (Donor, FRET, and Acceptor).
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4.2. QUANTITATIVE FRET ANALYSIS

G factor Moreover, G factor is required for Gordon’s equation (Fig. upper
right). G factor is relating the loss of donor emission due to FRET in the Donor
set (D: Ap /Ap) to the gain of acceptor emission due to FRET in the FRET set (F:
Ap/2A4). Here, equation is repeated.

QY a q)a TF
= X — X —
oYy, ®; 1p

G 4.5
where QY is the fluorescence quantum yield of donor (d) or acceptor (a), ® is the
fraction of the fluorescence transmitted by the detection set (see below), and T is
the detection efficiency for a given wavelength pair.

Determination of & is illustrated in Fig. The quantity represents the fraction
of the dye emission recorded at the emission wavelength (black bar) with respect
to the total dye emission (shaded area). It was calculated for donor and acceptor
of each FRET pair separately.

Donor Acceptor

MW Peak m Peak

72 Integral 72 Integral

Fluorescence
1

T T T 1 T T T 1
450 500 550 600 650 450 500 550 600 650
Wavelength (nm) Wavelength (nm)

Figure 4.38: Determination of ®. It represents the fraction of the fluorescence trans-
mitted by the detection set. Donor-only sample was detected by the wave-
length pair D (Ap /Ap), and acceptor-only sample was detected by the wave-
length pair F (Ap /A4). Based on the emission spectra of donor or acceptor
respectively, &, or &, was calculated by dividing the fluorescence inten-
sity (black bar) at selected emission wavelength (A,,, in Table. [4.3]and Fig.
by the fluorescence integral of the whole spectrum (shaded area).

The detection efficiency (7") usually depends on the emission wavelength. How-
ever, because the spectra were corrected for this dependency (Eq. (4.3)), T be-

Tr
comes wavelength-independent. Therefore, the ratio T can be considered as 1.

D
In consequence, Eq. (4.5) can be simplified as Eq. to calculate G factor for
fluorescence spectroscopy.

oY, P,
Gspectroscopy = @ X ad (46)

65



4. RESULTS

Table. summarizes the required values and G factors of each FRET pair used
in this study. Typically, the fluorescence quantum yield varies with the experimen-
tal conditions. For the FRET pairs (Alexa 488/Alexa 594 and IAF/TMRIA), quite
different values are reported. Accordingly, the calculated G factor may vary by a
factor of 2-3.

FRET pair PDI/TDI Alexa488/Alexa594 IAF/TMRIA CFP/YFP
oy, 0.73 0.36-0.57 0.26-0.28 0.61
)¢ 0.93 0.36-0.68 0.37-0.93 0.40
Reference (621, [63] [64] 58], [65] [66]
o, 0.0198 0.013 0.0148 0.0187
O 0.021 0.02 0.019 0.0124
G factor (calculated) 0.74 0.34-1 0.22-0.59 2.3
G factor (empirical) 1.3 0.25

Table 4.4: G factors of FRET pairs used in this study calculated by Eq. (4.6). QY,
and QY,: the quantum yields of donor and acceptor. ®,; and ®,: the fractions
of the fluorescence of donor or acceptor transmitted by the detection set (Fig.
4.38). G factors of FRET pairs with quite different reported quantum yields
were adjusted experimentally. Finally, the values printed in bold were used for
further FRET analysis.

In order to get more precise G factors, the G factors were determined for these
FRET pairs experimentally. Donor and acceptor fluorophores were mixed at known
concentrations and therefore known donor fractions (fp= 0-1). These systems are
very simple, do not contain any protein, do not reveal any background problem:s,
and can be precisely prepared. Analysis with Gordon’s equation should therefore
accurately reproduce the used donor fractions. In a graph where the calculated
donor fraction (fp(Gordon)) is plotted against the experimental donor fraction
(fp(exp)), one has to expect a linear relationship going through the origin (Fig.
4.39).

In contrast, neither for Alexa 488/Alexa 594 nor for IAF/TMRIA the calculated
G factors gave a straight line, but a bended curve was observed. Next, the G
factors were modified to get the expected linear relationship. In the case of Alexa
488/Alexa 594, a G factor of 1.3 was obtained, and in the case of IAF/TMRIA a
value of 0.25 gave an optimal result (Fig. [4.39). If the G factor is modified too
strong, even a bending in the opposite direction can be observed. Unfortunately,
such a test series as described above cannot be performed in vivo. Therefore, for
CFP/YFP no empirical G factor could be determined. Finally, the G factors used
for further FRET analysis were printed in bold in Table.
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Figure 4.39: Effect of the G factor on the relationships between donor fractions
determined by Gordon’s equation (fp(Gordon)) and experimentally de-
fined ones (fp(exp)). Stock solutions of each dye were 1 uM. Mixture se-
ries of donor and acceptor (fp(exp)=0-1) were prepared in DcuS-labeling-
buffer, and excited/detected at wavelength pairs given in Table. Donor
fractions (fp(Gordon)) were determined by applying different values of G
factor to Gordon’s equation (Eq. (2.10)). In the case fp(Gordon) repro-
duces exactly fp(exp), one has to expect a linear relationship between both

(black line).

Determination of donor fraction (fp) Fluorescence intensity is proportional to
the fluorophore concentration. Based on the G factor (Table. combined with
Dfd (Eq. 2.12)) and Afa (Eq. ([2.13)), the donor-to-acceptor ratio (ratiops) was
determined by Eq. (4.7).

D| Dfd
ratiopy = u = ; x G “4.7)

Al Afa

Finally, the donor fraction (fp) was determined by Eq. (4.8)).

ratiops D] 4.8)

I = ratiops [D] + [A]
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4.2.2.2 Experimental Validation by PDI-TDI Dyad

To test the applicability of Gordon’s equation to fluorescence spectroscopy, a de-
fined donor/acceptor dyad composed of a perylenediimide donor (PDI) and a ter-
rylenediimide acceptor (TDI) linked by a hepta(phenylene) bridge containing a
kink was used (Fig. [51]. The covalent bonding between donor and accep-
tor ensures a constant 1:1 ratio of donor to acceptor in the dyad. Consequently, the
donor fraction of the dyad has a fixed value of 0.5. The rigid linker ensures a fixed
separation between donor and acceptor and by this a constant FRET efficiency
over time.

o o} [e) o]
38
N N
129898 e 2029 %,
PDI TDI
(donor) (acceptor)

0
g@ Dyad: PDI-7Ph-TDI
C@ (donor-link-acceptor)

Figure 4.40: Chemical structure of perylenediimide donor (PDI), terrylenediimide
acceptor (TDI), and donor/acceptor dyad.

Compared with the spectra of PDI donor and TDI acceptor (Fig. 4.41] left, blue
and red), the spectrum of PDI-TDI dyad (Fig. [4.41} left black) reveals a strong
FRET signal. The FRET efficiency of the dyad was reported as a value of 0.965
511.

The PDI/TDI/dyad system also fulfills the prerequisites of Gordon’s equation, such
as: (1) no background fluorescence: background of toluene solvent can be eas-
ily subtracted from the measured spectra, (2) no autofluorescence: no existence
of autofluorescence in organic dyes, (3) no photobleaching: no focused intense
laser light for excitation. Moreover, strong fluorescence intensities of PDI and TDI
ensure a high signal-to-noise ratio. These features are adequate to examine the
performance of Gordon’s equation in fluorescence spectroscopy.
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Figure 4.41: Emission spectra of PDI donor, TDI acceptor, and dyad (PDI-TDI). The
excitation wavelengths were 480 nm and 580 nm. Compared to the emis-
sion spectrum of PDI (blue), dyad (black) excited at 480 nm revealed a TDI
emission peak (665 nm) due to FRET.

To check if Gordon’s equation can accurately determine donor fraction (fp) and
FRET efficiency (E) of dyad, two dilution series were tested as follows:

1. Titration series of TDI (A) and dyad (DA)

2. Titration series of PDI (D) and dyad (DA)

1. Titration series of TDI (A) and dyad (DA) TDI acceptor (A, fp = 0) and PDI-
TDI dyad (DA, fp = 0.5) were mixed at different ratios (Fig. upper panel).
Based on the known donor fractions of dyad and TDI, the donor fractions in the
mixtures were expected to be in the range of fp = 0-0.5. These mixtures were ex-
cited at different wavelengths of PDI and TDI (480 nm and 580 nm, respectively).
3 values were extracted from the spectra of samples (Table. [4.3). Combined with
G factor for PDI/TDI pair and 6 values obtained from the spectra of references,
donor fraction (fp) and FRET efficiency (E) were quantified by Gordon’s equation
(Fig. [4.36). The measured values of donor fraction (Fig. lower left fp(Gordon)
= 0-0.5) were in good agreement with the expected ones (fp(expecreq))- Moreover,
the presence of TDI acceptor should have no effect on the observed FRET efficiency
of dyad, because TDI acceptors in the mixtures contribute no FRET efficiency. As
expected, the linear fit of measured FRET efficiencies (Eg,q0n) Was always con-
stant at the level of 0.96 (Fig. lower right), in good agreement with the
reported value of 0.965 [51]].
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Figure 4.42: Titration series of TDI acceptor (A) and dyad (DA). Each compound was

dissolved in toluene as an initial concentration of 10 nM. Emission spectra
of different mixtures (fp = 0-0.5) were measured at excitation wavelengths
of PDI (480 nm) or of TDI (580 nm) respectively. Measured spectra were
subtracted by toluene emission, and then analyzed by Gordon’s equation to
determine donor fraction (fp) and FRET efficiency (E). Data were shown
as the means =+ standard deviations of three independent experiments, and
the linear fits were indicated by black solid lines.
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2. Titration series of PDI (D) and dyad (DA) Similarly, titration series of PDI
donor (D, fp = 1) and PDI-TDI dyad (DA, fp = 0.5) were prepared at different
ratios (Fig. upper panel). These mixtures were expected to yield a linear
increase of the donor fractions from fp = 0.5 to fp = 1. The measured donor
fractions (fp(Gordon)) Were also in good agreement with the expected ones (Fig.
lower left). Based on the known FRET efficiency of PDI donor (E = 0)
and dyad (E = 0.96), the increase of PDI donor (fp = 1) in the mixtures should
decrease the FRET efficiencies(from E = 0.96 to E = 0). A decrease of measured
FRET efficiencies (Fig. lower right, Eg,.40,) Was in a linear relationship to

increasing donor fraction as expected.
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Figure 4.43: Titration series of PDI donor (D) and dyad (DA). For more details see

Fig. [4.42

Conclusion The second step of our automatic FRET analysis, Gordon’s equation
to determine FRET efficiency (E) and donor fraction (fp), was experimentally
tested by a well-defined PDI-TDI dyad. The accuracy and applicability in fluores-
cence spectroscopy of Gordon’s equation was verified by two titration series of the
dyad with either PDI donor or TDI acceptor. In conclusion, Gordon’s equation can
accurately determine the FRET efficiency (E) and donor fraction (fp) by analyzing
background-free spectra.
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4.2.3 Combining steps 1 and 2

The applicability of the analysis (combining steps 1 and 2) to our experimental
systems both in vitro and in living cells was examined. As shown in Fig.
measured spectra were corrected by step 1 (spectral correction and background
subtraction), and subsequently analyzed by step 2 (FRET determination by Gor-
don’s equation) to yield FRET efficiency (E) and donor fraction (fp).
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Figure 4.44: Combining steps 1 and 2. Sample containing both donor and acceptor
were excited at wavelengths of donor and acceptor, respectively (upper
panel, red lines). After general spectral correction and individual fitting (up-
per panel, black dashed lines), background-free corrected spectra (lower
panel) were analyzed by Gordon’s equation to determine FRET efficiency
(E) and donor fraction (fp).
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4.2.3.1 Applicability and Accuracy (in vitro)

First, the applicability in vitro by a mixture series of Alexa 488-labeled (donor)
and Alexa594-labeled DcuS (acceptor) at different ratios (fp = 0-1) was tested.
Because of the existing background (scattering, Sec. [4.2.1.2)), the spectra of these
mixtures were background subtracted in step 1 and then quantified in step 2. As
shown in Fig. the measured values of donor fraction (fp(Goraon)) OF FRET effi-
ciency (Egordon) determined by Gordon’s equation were plotted against the known
experimental values of donor fraction (fp(expecrea)) respectively. Measured donor
fraction (Fig. left) were in the expected range of fp = 0— 1, and most of
the data points distributed on a diagonal with a slope of 1 which revealed a good
agreement between measured and expected values. The Alexa-labeled DcuS mix-
tures were assumed monomeric in detergent. As expected, no FRET (Fig.
right, E = 0) was observed in the measured FRET efficiencies. These results con-
firm that the analysis (combining steps 1 and 2) can accurately determine donor
fraction (fp = 0— 1) and work at least to determine no interaction (£ = 0) in
Alexa-labeled DcuS mixtures (in vitro).
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Figure 4.45: Series of DcuS labeled with either Alexa 488 (donor) or Alexa 594 (ac-
ceptor) and mixed at different ratios (fp = 0-1). Stock solutions of labeled
DcuS were 1 uM in DcuS-labeling buffer. After combining steps 1 and 2,
measured values of donor fraction (fp) were plotted against expected val-
ues.

4.2.3.2 Applicability and Accuracy in living cells

Similarly, the applicability in vivo was examined by the following mixture series of
CFP- and YFP-expressing cells:

1. Positive controls: CFP-YFP or YFP-CFP tandem fusions expressed in cells

2. Controls: CFP and YFP co-expressed in the same cell
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3. Negative controls: CFP and YFP expressed in separate cells

The spectra of these samples were treated in step 1 to remove the background sig-
nals from cells (scattering and autofluorescence in Sec. 4.2.1.2), and then quanti-

fied in step 2 (Fig. [4.44).

1. Positive Controls As positive controls of FRET between CFP and YFP, tandem
fusions of CFP-YFP or YFP-CFP were constructed (Fig. [4.46) to ensure the occur-
rence of FRET and a constant 1:1 ratio of donor to acceptor, i.e. constant donor

fraction (fp(expectea) = 0-5)-

()cFP ) YFP ) ()yrP o) cFP)

Figure 4.46: Tandem fusions of CFP-YFP (left) and YFP-CFP (right) containing a
linker of 10 amino acid residues between CFP and YFP moieties.

Even the actual FRET efficiencies of these fusions are unknown, the observed FRET
efficiencies can be estimated based on the distance between donor and acceptor
(r) and the Forster radius between CFP and YFP (Ry = 4.92 nm) [46]. Based on
the X-ray structure of GFP [44),/45]], the chromophore is buried in the center of the
GFP barrel. The length of an individual CFP or YFP protein is around 4 nm. If CFP
and YFP moieties are covalently linked without a spacer in the tandem fusions,
the distance between chromophores of CFP and YFP (r) is roughly 4 nm, which
is smaller than the Forster distance (Rg) and can result in a FRET efficiency (E =
#%)6) of 0.78 as most. However, a link of 10 amino acid residues between CFP
and YFP in these tandem fusions increases the distance (r) by at most 3.85 nm
(based on the distance between amino acid residues, 0.15 nm in «-helix or 0.35
nm in B-strand [67]) which lowers the FRET efficiency to 0.06 at least. The linker
should have a random conformation which leads to a FRET efficiency between
(Eexpectea = 0.06~0.78). After analysis (Fig. [4.44), measured and expected values
were compared in Table. The measured donor fraction (fpGoraony = 0-5 &
0.02) was accurately determined and the occurrence of FRET was observed in the
reasonable range (Table. EGordon = 0.6 £ 0.1).

2. Controls: CFP and YFP co-expressed in the same cell CFP and YFP were
co-expressed in the same cell, and presumed non-interacting even co-localized in
the cells (Table. 4.6} E,yjccrea = 0). Because the copy number of expression vectors
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Positive control o E
expected 0.5 0.06~0.78
measured 0.5+0.02 0.6+0.1

Table 4.5: Positive controls (CFP-YFP or YFP-CFP fusions in cells, n = 8) analyzed
by combining steps 1 and 2 (Fig. 4.44).

of CFP and YFP are of similar magnitude but not identical, co-expression of CFP
and YFP should result in a donor fraction close to a value of fp(expecreay ~ 0.5. The
measured donor fraction (Table. Ip(Gordon) = 0.440.06) was in the expected
range, but a minor FRET (Eg,.40n = 0.07 +0.02) was observed. Therefore, the
extent of non-specific FRET between CFP and YFP co-localized in the same cells
was evaluated with different expression levels of CFP and YFP. Even the inducer
concentration and induction time were adjusted to increase the expression levels
of CFP and YFP in these controls, the FRET signal was not increased with higher
expression levels of CFP and YFP. The minor FRET efficiency (E = 0.07 +0.02)
observed in this control can estimate the error and rule out the false positive de-
tection of FRET in the experimental system of living cells.

Negative control /o E
expected ~0.5 0
measured 0.4 £0.06 0.07 +0.02

Table 4.6: Controls (CFP and YFP co-expressed in the same cell, n = 6) analyzed by
combining steps 1 and 2 (Fig. 4.44).

3. Negative controls: CFP and YFP in separate cells To check if the minor FRET
observed in the above-mentioned controls (CFP and YFP co-expressed in the same
cells, E =0.07+0.02) was an artifact of our FRET analysis or of the sample (due to
diffusion or interaction between CFP and YFP), controls in which FRET is not pos-
sible because of the spatial separation of donor and acceptor (E,cpecrea = 0) were
examined. Two defined mixture series of CFP-expressing cells, YFP-expressing cells
and non-FP-expressing E. coli cells were tested as follows:

1. Mixture series of YFP-expressing cells and non-FP-expressing E. coli cells,
containing a fixed amount of CFP-expressing cells

2. Mixture series of CFP-expressing cells and YFP-expressing cells, containing a
fixed amount of non-FP-expressing E. coli cells

These mixture series (fp = 0-1) were measured and analyzed (as illustrated in
Fig. 4.44). The values of fp were unknown, but the dilution steps are known.

75



4. RESULTS

Therefore, an arbitrary measure of fluorophore concentrations ([D] and [A]) was
used. [D] and [A] are represented as Dfd and Afa yielded by Eq. and Eq.
[48]. Dfd refers to the donor signal (d) in the mixture of both donor and
acceptor (f) detected by Donor excitation/detection wavelength pair (Fig.
D) in the absence of FRET (bar). Afa refers to the acceptor signal (a) in the
mixture of both donor and acceptor (f) detected by Acceptor excitation/detection
wavelength pair (Fig. A) in the absence of FRET (bar). These measures (Dfd
and Afa for the donor-only or acceptor-only signal in the mixture of both donor
and acceptor in the absence of FRET) are immeasurable quantities which cannot
be directly measured (in the mixture of both donor and acceptor in the presence
of FRET) but can be computed by Eq. and Eq. instead.

Mixture series of YFP-expressing cells and non-FP-expressing E. coli cells, con-
taining a fixed amount of CFP-expressing cells The mixture series of Fig.
were further analyzed (Fig. upper panel: FBS-corrected). In the mixtures
containing a fixed amount of CFP but increasing amount of YFP, a constant level of
CFP and an increase of YFP were determined as expected (Fig. lower panel).
The measured fluorophore concentrations ([D] and [A]) change as expected. Be-
cause CFP and YFP are expressed in separate cells, the occurrence of FRET is
impossible (Ecypecied = 0). The measured FRET efficiency (Egyraon = 0£0.02) was
as expected.

Mixture series of CFP-expressing cells and YFP-expressing cells, containing
a fixed amount of non-FP-expressing E. coli cells Spectra of the same mix-
ture series as in Fig. were further analyzed (Fig. upper panel: FBS-
corrected). The mixture series contains increasing CFP-expressing cells, decreas-
ing YFP-expressing cells, but a fixed amount of non-FP-expressing E. coli cells. As
expected, an increase of CFP and a decrease of YFP were obtained (Fig.
lower left), and no FRET was observed in these negative controls (Fig. lower
right).

These negative controls (Fig. and Fig. demonstrated the FRET effi-
ciency (E = 0) can be accurately determined by the partial analysis (Fig.
even in such complex systems of mixture of FP-expressing and non-FP-expressing
cells. Besides, these negative controls also suggested that the non-specific FRET
observed in cells co-expressing CFP and YFP (Table. should result from the
sample intrinsically instead of our analysis.
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Figure 4.47: Mixture series of YFP-expressing cells and non-FP-expressing E. coli
cells, containing a fixed amount of CFP-expressing cells. Measured
spectra were corrected and analyzed by combining steps 1 and 2. Gordon’s
equation can compute a measure of fluorophore concentrations (lower
panel). The raw data were the same as in Fig.
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Figure 4.48: Mixture series of CFP-expressing cells and YFP-expressing cells, con-
taining a fixed amount of non-FP-expressing E. coli cells. For more
details see Fig. #.47] The raw data were the same as in Fig. [4.35]
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The effect of G factor on E and fp Gordon et al. [48] reported that using rough
estimates of G factor should not be a problem in the FRET quantification, because
FRET value is not very sensitive to the value of G factor. To test the influence of
G factor on FRET quantification, the positive controls of constant donor fraction
(fp = 0.5) were used to reversely check the accuracy of calculated value of G
factor for CFP/YFP (G = 2.3, Table. [4.4). By introducing different values of G
factor (G = 1, 2.3, or 3.5) into Gordon’s equation, it was demonstrated that the
accuracy of G factor is critical to the accuracy of FRET efficiency (E) and donor
fraction (fp). In this case (Fig. [4.49), smaller G factor underestimated the donor
fraction (fp) and overestimated the FRET efficiency (E), and vice versa (larger G
factor overestimated fp and underestimated E). Moreover, the value of G factor
we calculated (G = 2.3) yield the most accurate donor fraction (fp = 0.5) among
these three values tested, suggesting the accuracy of G factor we calculated was in
the reasonable range.

1.0+
] G=1
] ® G=23
s ] * m G=35
5 05-
w 4
0.0
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Figure 4.49: The effect of G factor on E and fD. Positive controls (CFP-YFP or YFP-
CFP tandem fusions) were analyzed by using different values of G factor (G
=1, 2.3, or 3.5) for Gordon’s equation to determine the FRET efficiencies
(E) and donor fractions (fp)-

Conclusion The analysis combining steps 1 and 2 (Fig. was demonstrated
to accurately determine: donor fraction (fp), FRET efficiency (E), and G factor
(G), even under the complex experimental conditions in living cells. However,
a minor FRET signal was observed in the negative controls (CFP and YFP co-
expressed in the same cell), suggesting a 7% non-specific FRET may occur between
CFP and YFP in our in vivo measurements, which should be originated from the
sample instead of our analysis.
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4.2.4 Combining steps 1,2 and 3

The third step of our FRET analysis is for the accurate determination of the degree
of oligomerization. A theoretical model of oligomeric states was reported as a fit-
ting function combining FRET efficiency (E) with relative concentrations of donor
and acceptor (fp) in the oligomeric complex (Sec. |2.4]).

E = Epgy + (1 — f01807 1)y (4.9)

where E is the apparent FRET efficiency, E,, is the maximal FRET efficiency, fp is

donor fraction, and oligo is the number of units in an oligomer.

Here, if the degree of oligomerization can be accurately determined by analysis
(combining steps 1, 2, and 3) was tested both in vitro and in vivo. Mixture series
of labeled DcuS monomers were prepared in different ratios of donor to acceptor
(fp = 0-1). After determining FRET efficiency (E) and donor fraction (fp) in steps
1 and 2 (Fig. [4.44), FRET efficiency (E) was plotted against donor fraction (fp)
and fitted the data with the model of oligomeric states (Eq. (4.9)) to determine
the degree of oligomerization (n) in step 3.

Alexa-labeled DcusS in detergent Alexa-labeled DcuS proteins were assumed as
monomers in detergent-containing buffer. The mixture series of Alexa 488- and
Alexa 594-labeled DcuS proteins analyzed were the same as those in Fig.
Fitting the data with the model of oligomeric states (Eq. (4.9)) revealed a hori-
zontal line as expected and yielded an aggregation number oligo = 1, indicating
that Alexa-labeled DcuS proteins exist as monomers in the presence of detergent

(Fig. left).

CFP and YFP expressed in separate cells Similarly, the applicability of the
model of oligomeric states in vivo was tested by mixing CFP-expressing cells and
YFP-expressing cells. FRET between CFP and YFP was impossible to occur because
of the spatial separation among cells. Therefore, CFP or YFP in the cells was as-
sumed as monomers. The mixture series of CFP- and YFP-expressing cells (same
as those in Fig. and Fig. were analyzed by combining steps 1, 2, and
3. No FRET was observed (E = 0) as expected in these mixture series, and a fit
as a horizontal line (monomer) was also as expected (Eq. (4.9)), confirming that
FP-DcusS fusion proteins exist as monomers in separate cells (Fig. right).
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Figure 4.50: Degree of oligomerization in vitro and in vivo. Left: Mixture series of
Alexa-labeled DcuS (n = 18, as in Fig. [4.45). The raw data were the same
as in Fig. Right: Mixture series of FP-expressing cells (n = 22).
Mixture series were prepared in different ratios of donor to acceptor (fp =
0-1). After combining steps 1 and 2, FRET efficiency (E) and donor fraction
(fp) were determined. Degree of oligomerization (step 3) was determined
by fitting with Eq. ([@.9). The aw data were the same as in Fig. and

Fig. 4.48]

Conclusion The analysis combining steps 1, 2 and 3 was demonstrated to accu-
rately determine the oligomeric state of monomers both in vitro and in vivo (Fig.
4.50).

4.2.5 Conclusion

In conclusion, an automatic quantitative FRET analysis procedure was developed,
including flexible background subtraction, Gordon’s equation modified to robustly
quantify FRET efficiency (E) and fluorophore concentrations (fp), and a fitting
model to determine the degree of oligomerization (oligo). The applicability of the
automatic FRET analysis was verified by theoretical simulations and experimental
validations, suggesting that this automatic analysis allows accurate, fast, and re-
producible FRET quantification, even in living cells. This automatic FRET analysis
will be executed routinely by homemade computer procedure (flowchart in Fig.
for robust and reliable quantification of inter-molecular FRET to study the
oligomerization and protein-protein interactions of DcuS (Sec. 4.3).
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Figure 4.51: Flowchart of the automatic FRET analysis in this study. The spectra
of the sample (a mixture containing donor and acceptor) are measured
by exciting donor or acceptor respectively. As individual reference spec-
tra for FBS, spectra of buffer (B) and E. coli (E) are recorded under the
same conditions as the spectra of mixture sample (F). The measured spec-
tra are then corrected by flexible background subtraction (FBS) to remove
the background signals. A set of universal reference spectra, donor (D,.y)
and acceptor (A, ), are used for FBS and for Gordon’s equation. By apply-
ing Gordon’s equation to the FBS-corrected spectra, FRET efficiency (E)
and donor fraction (fp) can be accurately determined. FRET efficiency
(E) is then plotted against donor fraction (fp) to determine the degree of
oligomerization (n) by fitting a theoretical model of oligomeric states to the
plot of E vs. fp .
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4.3 Oligomerization and Protein-Protein Interaction of
DcuS

The automatic FRET analysis was applied to investigate not only oligomerization
of DcuS both in vivo and in vitro (aim 1) but protein-protein interactions of DcuS
with relevant proteins in vivo (aim 2) as well.

4.3.1 Oligomerization (in vivo)

4.3.1.1 Oligomeric State of DcuS in Living Cells

To examine the oligomeric state of DcuS in vivo, DcuS was genetically fused with
CFP (donor) in pBAD18 vector or YFP (acceptor) in pBAD30 vector respectively,

and tested functional upon fusion (Sec. 3.2.2|and [4.1.1)). Under the induction of
arabinose inducer, DcuS-CFP (pBAD18) and DcuS-YFP (pBAD30) fusions could be
co-expressed at relatively similar expression levels in the same cell. The inducer

concentration was kept low but sufficient (133 uM or 333 uM) for moderate ex-
pression of DcuS-FP fusions at physiological level [|68]. The induction temperature
was kept at 30°C or 37°C for the proper folding of FP [43]. For determining the
degree of oligomerization by Eq. in vivo, different donor fractions (i.e. rela-
tive amounts of DcuS-CFP and DcuS-YFP co-expressed in the same cell) should be
expressed in cells. Because DcuS-CFP and DcuS-YFP were expressed by different
pBAD vectors, the expression levels of FP fusions may be induced differently by
changing induction time. Therefore, cells co-expressing DcuS-CFP and DcuS-YFP
were induced with increasing induction time as induction series, in order to test
if donor fractions could be adjustable in cells. Measured spectra of each sample
were quantified by automatic FRET analysis (Fig. [4.52). Both expression levels of
DcuS-CFP and DcuS-YFP gradually increased with increasing induction time (Fig.
lower left), but donor fractions were limited in a range of fp = 0.35-0.55
(Fig. upper left) due to the similar inherent characteristics of expression
vectors (pBAD18 and pBAD30). Substantial FRET signals (E = 0.19 + 0.02) were
observed in five independent induction series (Fig. upper right). The oc-
currence of FRET between DcuS-CFP and DcuS-YFP suggests an oligomeric state
of DcusS in living cells. Moreover, the FRET efficiencies were detected at early in-
duction time, indicating that the self-association of DcuS homo-oligomers already
occurs during the early phase of biosynthesis. Even the limited distribution of
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donor fractions (no data points at either lower or higher fraction) confined the ap-
plication of the model of oligomeric states (Eq. (4.9)) to determine the oligomeric
state of DcuS in cells, a pre-formed stable homo-oligomers (at least dimers) of
DcuS in E. coli cells existed in the absence of fumarate (Fig. lower panel), in
contrast to the monomers observed in the controls (Fig. right).
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Figure 4.52: Oligomeric state of DcuS in cells (no fumarate). Co-expression of DcuS-
CFP and DcuS-YFP was induced in E. coli cells by arabinose (133 uM) from
1.5 hr to 6 hr. Emission spectra of these samples were recorded by exci-
tation at 433 nm and 488 nm respectively, and subsequently analyzed by
the automatic FRET analysis (Fig. [4.57). Results are from five independent
test series (in total n=30 data points). All samples were measured in PBS
buffer.

4.3.1.2 Effect of Fumarate on the Oligomeric State

To test the effect of fumarate binding on the oligomeric state of DcuS, cells co-
expressing DcuS-CFP and DcuS-YFP were treated in two different ways (Fig.
samples 1 and 2). Sample 1 (marked in triangle, no fumarate — with fumarate)
was grown in the absence of fumarate for 6 hr-induction with arabinose but mea-
sured in the presence of fumarate (20 mM) over a time course of 50 min, whereas
sample 2 (marked in circle, with fumarate — no fumarate) was grown in the pres-
ence of fumarate (20 mM) for 6 hr-induction with arabinose but measured in the
absence of fumarate over a time course of 50 min. Even the expression levels
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in sample 2 were higher than those in sample 1 (Fig. lower left), donor
fractions were similar in both samples (Fig. upper left). Besides, FRET effi-
ciencies were substantial and comparable in both samples (Fig. upper right).
However, the determination of oligomerization level was still limited because of
the narrow range of donor fractions (Fig. lower right).
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Figure 4.53: Oligomeric state of DcuS in cells (with fumarate). Co-expression of
DcuS-CFP and DcuS-YFP was induced in E. coli cells by arabinose (133
uM) and treated in two different ways. Sample 1 (triangle, no fumarate —
+ fumarate): first grown in the absence of fumarate for 6 hr-induction with
arabinose (133 uM), then measured in the presence of fumarate (20 mM)
over a time-course of 50 min (n=6). Sample 2 (+ fumarate — no fumarate):
first grown in the presence of fumarate (20 mM) for 6 hr-induction with ara-
binose (133 uM), then measured in the absence of fumarate over a time
course of 50 min (n=6).

For comparison, data of both “degree of oligomerization” graphs were plotted in
one graph (Fig. [4.54). By comparing the results in the absence of fumarate with
those in the presence of fumarate, a slight difference in FRET efficiency was ob-
served upon fumarate treatment (E: 0.19 + 0.02 — E = 0.12 4+ 0.01). The occur-
rence of FRET in the absence of fumarate (marked in blue) suggests a constitutive
oligomeric state even in the absence of fumarate stimuli. No enhancement but
decrease in FRET efficiency upon fumarate treatment (marked in red) imply that
the signal transduction upon fumarate sensing may be followed by other mecha-
nisms (e.g. conformational changes, hetero-oligomerization, and so on) instead of
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altering the homo-oligomerization state. However, the exact oligomerization level
in vivo could not be firmly determined because of the limitation of our expression
vectors to a broader range of donor fraction. Therefore, the degree of oligomer-
ization was subsequently determined in vitro by using DcuS labeled with organic
dyes.

Degree of Oligomerization
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® nofumarate E:0.19+0.02 f;:0.41+0.01
E ® + fumarate E:0.12+0.01 f,:0.40+0.01
w 054 O9
0.0+ L)
I T T T T I T T T T I
0.0 0.5 1.0

Figure 4.54: Effect of fumarate on the oligomeric state of DcuS in cells. Blue: no
fumarate (n=30, as in Fig. |4.52). Red: with fumarate (n=12, as in Fig. [4.53).
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4.3.2 Oligomerization (in vitro)

In contrast to the limited range of donor fraction in living cells (Sec. [4.3.1)), DcuS
labeled with organic dyes could be mixed in full range of donor fraction to de-
termine the degree of oligomerization of DcuS in vitro. Two pairs of organic dyes
suitable for FRET measurements, Alexa pair (Alexa 488 and Alexa 594) and IA pair
(IAF and TMRIA), were used independently (Fig. [4.14). For each FRET pair, two
aliquots of DcuS protein were labeled with either donor or acceptor (Sec. 4.1.2).
Subsequently, donor- and acceptor-labeled DcuS could be mixed at different donor
fractions (fp = 0-1) as mixture series. Recorded spectra of these mixture series
were quantified by automatic FRET analysis to examine the oligomeric state of
DcuS either in detergent solution or in liposomes. Moreover, the dependence of
oligomeric state of DcuS on fumarate binding, fumarate binding site, or protein
amount in liposomes was tested respectively.

4.3.2.1 Oligomeric State of DcuS

Labeled DcuS in detergent solution (monomers) The oligomeric state of DcuS
monomers was examined in detergent solution. Samples were prepared in se-
quence with stepwise increasing donor amounts and stepwise decreasing accep-
tor amounts. Because fluorophores conjugated on DcuS proteins in dilute solu-
tion (in nM range) were unlikely to interact with their FRET partners (E = 0),
donor- or acceptor-labeled DcuS proteins in dilute solution were assumed to exist
as monomers (oligo = 1). A horizontal line (E = 0, oligo = 1) was expected for
the fitting of the oligomerization model to experimental data (for the fitting, data
points of fp = 0 (acceptor alone) were ruled out, because the FRET efficiencies
in the absence of donor has no meaning at all). Independent mixture series using
the two different FRET pairs were analyzed (Fig. [4.55|and [4.56). Donor fractions
of the Alexa pair were nearly accurately determined, with a linear relationship
passing through the origin as expected (Fig. upper left). No FRET occurred
as expected (E = 0 in Fig. upper right). The concentration indexes of donor
(Dfd) and acceptor (Afa) varied as expected (Fig. lower left). The degree
of oligomerization revealed a horizontal line (oligo = 1 in Fig. lower right).
An independent mixture series (IAF/TMRIA) yielded similar results (Fig.
as above-mentioned mixture series (Alexa 488/Alexa 594). Taken together, both

mixture series revealed a monomeric state of labeled DcuS monomers in detergent
solution.
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Figure 4.55: Oligomeric state of DcuS monomers (labeled with Alexa 488/Alexa

594).

DcuS proteins labeled with either donor (Alexa 488) or acceptor

(Alexa 594) in DcuS-labeling buffer containing detergent were mixed at var-
ious donor fraction (fp = 0-1). Measured spectra were quantified by auto-
matic FRET analysis (Fig. [4.51). Results are from one test series (in total
n=6 data points, for the degree of oligomerization the point at fp=0 was

removed).
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Figure 4.56: Oligomeric state of DcuS monomers (labeled with IAF/TMRIA). DcuS
proteins labeled with either donor (IAF) or acceptor (TMRIA) in DcuS-
labeling buffer containing detergent were mixed at various donor fraction
(fp = 0-1). Results are from one test series (in total n=6 data points.
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Labeled DcuS$ in liposomes In contrast to the impaired function of DcuS sol-
ubilized in detergent, DcuS reconstituted into liposomes was reported functional
for fumarate sensing and kinase activity [9]]. Therefore, the functionally-relevant
oligomeric state of DcuS in liposomes was investigated as follows. With the above-
mentioned FRET pairs (Alexa 488/Alexa 594 or IAF/TMRIA), labeled DcuS were
mixed at different donor fractions (fp = 0-1). Samples were prepared in se-
quence with stepwise increasing donor amounts and stepwise decreasing acceptor
amounts. Each sample of mixture series was reconstituted into liposomes respec-
tively (Sec. [3.2.1). Measured spectra were quantified by automatic FRET analysis.
According to five independent test series with the Alexa 488/Alexa 594 pair (Fig.
[4.57), donor fractions and fluorophores concentration indexes varied as expected
(Fig. upper left and lower left). FRET signals were detected (Fig.
upper right), suggesting an oligomeric state of labeled DcuS in liposomes even in
the absence of fumarate. Based on the fitting of oligomerization model to the data
(Fig. lower right), a dimeric state of labeled DcuS in liposomes was identi-
fied (oligo = 1.91 + 0.17). Similar results were obtained from two independent
test series with the IAF/TMRIA pair (Fig. [4.58). The observed FRET efficiencies
with IAF/TMRIA pair were higher (E,,, = 0.56) than those with Alexa pair (Fig.
Enqc = 0.28), but yielded a dimeric state of labeled DcuS in liposomes as
well (oligo = 1.67 + 0.35). The difference in FRET efficiencies between IAF/TMR
pair and Alexa pair may due to different labeling efficiencies.

4.3.2.2 Effect of Fumarate on the Oligomeric State

Fumarate To test the effect of fumarate binding on the oligomeric state of Dcus,
samples of the above-mentioned test series (Fig. and Fig. were treated
with fumarate (20 mM). Measured spectra in the presence of fumarate were quan-
tified by automatic FRET analysis (Fig. and Fig. [4.60). With the Alexa
488/Alexa 594 pair, donor fractions and fluorophore concentration indexes were
insensitive to fumarate treatment as expected (Fig. upper left and lower
left), compared with those in the absence of fumarate (Fig. Neither signifi-
cant difference in FRET efficiency nor in degree of oligomerization were observed
upon fumarate treatment (Fig. lower right, E,,, = 0.25, oligo = 1.92 +
0.20), suggesting that the degree of oligomerization of DcuS is not enhanced or
disrupted upon fumarate binding. With the IAF/TMRIA pair (Fig. [4.60), an in-
creased FRET efficiency and a decreased degree of oligomerization were observed
upon fumarate treatment (Fig. lower right, E,,, = 0.72, oligo = 1.38 +
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Figure 4.57: Oligomeric state of DcuS (labeled with Alexa 488/Alexa 594) in lipo-
somes (no fumarate). Mixture series of Alexa 488- and Alexa 594-labeled
DcuS were reconstituted in liposomes. Spectra were measured in Tris buffer
(50 mM). Results are from five independent test series (in total n=25 data

points).
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Figure 4.58: Oligomeric state of DcuS (labeled with IAF/TMRIA) in liposomes (no
fumarate). Mixture series of IAF- and TMRIA-labeled DcuS were reconsti-
tuted in liposomes. Spectra were measured in Tris buffer (50 mM). Results
are from two independent test series (in total n=10 data points).
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Figure 4.59: Oligomeric state of DcuS (labeled with Alexa 488/Alexa 594) in lipo-
somes (with fumarate) Mixture series of Alexa 488- and Alexa 594-labeled
DcuS were reconstituted in liposomes. Spectra were measured in Tris buffer
(50 mM) containing fumarate (20 mM). Results are from five independent
test series (in total n=25 data points).
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Figure 4.60: Oligomeric state of DcuS (labeled with IAF or TMRIA) in liposomes
(with fumarate). Mixture series of IAF- and TMRIA-labeled DcuS were
reconstituted in liposomes. All spectra were measured in Tris buffer con-
taining fumarate (20 mM). Results are from two independent test series (in
total n=10 data points).
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0.31). The deviation in oligomerization level may result from limited data points
in this case.

Freeze-and-thaw The sensory domain of DcusS is naturally outside the cell mem-
brane, but reconstituted DcuS may have random orientation in liposomes, with the
sensory domain toward either outside or inside liposomes. In principle, fumarate
should be able to freely diffuse into liposomes. To ensure the full access of effec-
tor fumarate to the sensory domains of DcuS enclosed inside liposomes, labeled
DcuS in liposomes in the presence of fumarate was subjected to freeze-and-thaw
cycles leading to the breakdown and reformation of liposomes and exposure of
all sensory domains of DcuS to fumarate. One of the test series in the presence
of fumarate (Fig. was additionally treated with three cycles of freeze-and-
thaw (Fig. [4.61). By comparing the results before and after freeze-and-thaw (Fig.
[4.61), only slight increase in FRET efficiency (E.= 0.25 — 0.29) and slight de-
crease in degree of oligomerization (oligo = 1.82 + 0.02 — 1.58 + 0.12) was
observed upon treatment of freeze-and-thaw (Fig. [4.61). The differences seem
not related to the formation of higher-order oligomers, and may relate to other
mechanism (e.g. intra-molecular conformational changes or other protein-protein
interactions). The freeze-and-thaw for samples in the absence of fumarate was
also performed, and no effect of freeze-and-thaw on FRET efficiency and degree

of oligomerization was observed (not shown).
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4 ® experiment 4 ® experiment
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Figure 4.61: Effect of freeze-and-thaw on oligomeric state of DcuS in liposomes.
One test series from Fig. (in total n=5 data points) in the presence
of fumarate (20 mM) were tested before (left) and after (right) 3 cycles of
freeze-and-thaw.
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4.3.2.3 Oligomeric State of a Binding-defect Mutant

To test the effect of the fumarate-binding site on the oligomeric state of DcuS, a
binding-defect DcuS mutant, hereafter cited as DcuS (BD), was generated with
a R147A mutation in fumarate binding site to abolish the fumarate-binding abil-
ity [15], and an additional C199S mutation for single cysteine-labeling site (Fig.
[4.12)). A 1:1 mixture of Alexa 488- and Alexa 594-labeled DcuS (BD) was recon-
stituted in liposomes. A significant FRET peak was observed in the spectrum of
this mixture (Fig. indicated by arrow). The disruption of fumarate binding
ability of DcuS (BD) mutant had no effect on its oligomerization activity, and the
oligomerization activity of DcuS is independent of the fumarate-binding site. Com-
bined with the results upon fumarate treatment (Sec. [4.3.2.2)), the oligomerization
of DcuS may not be regulated by fumarate binding.
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Figure 4.62: Oligomeric state of DcuS (binding defect mutant). Red: measured
spectrum of a 1:1 mixture of Alexa 488- and Alexa 594 labeled binding-
defect DcuS mutant (BD) in liposomes. The arrow indicates the FRET peak.
Black dashed: simulated spectrum as a superposition of spectrum of Alexa
488-labeled DcusS in liposomes and that of Alexa 594-labeled DcusS in lipo-
somes. The protein amount of each sample was 100 g before reconstitu-
tion. All spectra were excited at 480 nm, and normalized to unity.

4.3.2.4 Effect of Protein Amount on the Oligomeric State

Protein amount in liposomes To confirm the specificity of observed FRET in li-
posomes (Sec. 4.3.2.1)), the concentration-dependence of donor fraction and FRET
efficiency was tested by a dilution series of labeled DcuS in liposomes. A stock so-
lution (initial protein amount: 100 ug labeled DcuS) containing mixture of Alexa
488- and Alexa 594-labeled DcuS at a constant donor fraction (fp = 0.25) was
serially diluted to prepare a dilution series (6 samples of 2- to 50-fold dilution;
final protein amounts: 2-100 ug labeled DcuS). Each reconstitution of this dilu-
tion series was performed at a fixed lipid-to-protein ratio (10:1) instead of the
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ratio (20:1) used for previous reconstitutions, because lower lipid-to-protein ra-
tio could lead to higher protein densities in liposomes. Because a high recovery
(>90%) after reconstitution was confirmed by comparison with fluorescence in-
tensity of labeled DcuS before reconstitution, the protein amount after reconstitu-
tion (in liposomes) should be comparable to that before reconstitution. Measured
spectra of this dilution series were quantified by automatic FRET analysis. Donor
fractions and FRET efficiencies were plotted against protein amounts before re-
constitution (Fig. [4.63). The effect of protein amount on donor fraction (decrease
with increasing protein amount) was stronger than that on FRET efficiency (E =
0.22 + 0.04). At lower protein amounts in liposomes, substantial FRET efficiencies
were still observed even at more deviated donor fractions. In this study, the actual
protein amount for each reconstitution was always kept in the range of 80-100
ug. Therefore, the observed FRET efficiency and the oligomerization of labeled
DcusS in liposomes (Sec. |4.3.2.1]) were confirmed specific and not an artifact due
to molecular crowding in liposomes.

Donor Fraction FRET Efficiency
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£ 05 ‘\\‘\.\H\. w 05
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Figure 4.63: Effect of protein amount on oligomerization of DcuS. DcusS (labeled with
Alexa 488/Alexa594) was mixed at fixed donor fraction (fp=0.25) as stock
solution. Dilution series (2- to 50-fold) of this stock solution were reconsti-
tuted in liposomes. In this study, the protein amount of labeled DcuS was
always kept in the range of 80-100 g before reconstitution. The recovery
of protein amount after reconstitution was confirmed > 90% by comparing
fluorescence intensities of conjugated fluorophores before and after recon-
stitution.

Theoretical Estimation of DcuS amount in Liposome The observed FRET effi-
ciencies seem concentration-independent to rule out the artificial aggregation due
to molecular crowding. In addition to the experimental validation, a theoretical
estimation of DcuS amount in liposomes was estimated as follows. According to
the average volume (V) of a glycerol head group of a lipid (~ 0.07 nm?) [69],
the average area per lipid molecule (A) covered by this head group is roughly 0.2
nm? (volume of a sphere (V) = %nr3 ; calculated from this the average radius of
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the head group (r) is 0.2557 nm; area of a circle (A) = nr?). For a liposome of
100 nm in diameter, the surface area is around 31,000 nm? (with radius r = 50
nm; surface area of sphere 47r%). For a lipid bilayer (with an inner and outer
surface), the total surface covered by lipid molecules is around 60,000 nm?. The
average area per lipid is 0.2 nm? as above-mentioned. Therefore, around 300,000
lipid molecules are required to form a liposome of 100 nm in diameter (average
number of lipid molecules per liposome). In this study, DcuS proteins were recon-
stituted in liposomes at a lipid-to-protein ratio (w/w) of 20:1. The molar mass
of DcuS with Hisg-tag is about 62.7 kDa, and the average molar mass of the lipid
mixture used for reconstitution is 945 Da. Therefore, there are around 1,300 lipids
per DcuS proteins (62,700 x 20 + 945 ~ 1,300). If 300,000 lipid molecules form
a liposome as above-mentioned, around 230 DcuS proteins could be incorporated
in a liposome (average amount of DcuS proteins per liposome = 300,000 <+ 1,300
~ 230). If lipid-to-protein ratio (w/w) is decreased to 10:1 for reconstitution (as
Fig. [4.63), around 460 Dcu$ proteins per liposome would be expected.

Conclusion: oligomeric state of labeled-Dcu$S in vitro The oligomeric state of
DcuS was examined by using Alexa 488/Alexa 594 and IAF/TMRIA pairs inde-
pendently. Novel finding in the functionally-relevant oligomerization of DcuS was
examined upon reconstitution into liposomes. Both experimental systems showed
evidence of FRET among labeled DcuS in liposomes, and the absence of FRET
among labeled DcuS in detergent solution. Moreover, a dimeric state of labeled
DcuS in liposomes was pre-formed in the absence of fumarate. Upon fumarate
and freeze-and-thaw treatments, no significant changes in FRET efficiency and de-
gree of oligomerization were observed in labeled DcuS reconstituted in liposomes.
Besides, FRET observed in the binding-defect mutant of DcuS suggested that the
oligomerization activity may be independent of fumarate binding. In the range of
concentration of labeled DcuS we used for reconstitution (80-100 ug), no strong
concentration-dependence of donor fraction and FRET efficiency was observed.
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4.3.3 Protein-Protein Interactions of DcuS (in vivo)

In addition to the homo-oligomerization of DcuS, the protein-protein interactions
of DcuS with other proteins (hetero-oligomerization) were examined in living cells
as well. For in vivo FRET measurements, relevant proteins (CitA and DctA) and
an irrelevant protein (Tar) were genetically tagged with YFP respectively. DcuS-
CFP and YFP-tagged protein of interest were co-expressed in E. coli cells (Fig.
[4.64). Measured spectra of these cells were quantified by automatic FRET analysis
as above-mentioned for oligomerization of DcuS (Sec. [4.3.1). The binding of
FP-tagged proteins may result in the occurrence of FRET between CFP and YFP,
providing direct evidences for protein-protein interactions in vivo.

Figure 4.64: Biological Aim 2: Is there an interaction between Dcu$S and its relevant
proteins (P) in E. coli?

4.3.3.1 Interaction between Dcu$S and CitA

To study the interaction between DcuS and CitA, CitA-YFP in pBAD30 vector was
constructed and tested for CitA function and YFP fluorescence (Fig. [4.8). Co-
expression of DcuS-CFP and CitA-YFP fusions were induced in E. coli cells by ara-
binose from 3.5 hr to 6 hr. From five independent induction series (in total n=20
data points), measured spectra were quantified by automatic FRET analysis (Fig.
[4.65). Donor fractions (Fig. upper left, fp = 0.40 + 0.02) were similar to
previous co-expression of pBAD18 and pBAD30 vectors for DcuS-FP fusions (Fig.
upper left, fp = 0.41 + 0.01). Substantial FRET efficiencies were detected
between DcuS-CFP and CitA-YFP (Fig. upper right, E = 0.15 + 0.02), sug-
gesting that an interaction or co-localization of DcuS-CFP and CitA-YFP in cells
already occurs during the early phase of biosynthesis. Because of the difficulty to
reach lower or higher donor fractions (Fig. lower right), it can be concluded
that a hetero-complex (at least hetero-dimer) between DcuS-CFP and CitA-YFP
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was formed in E. coli cells, but the exact oligomerization level could not be deter-
mined in this case.
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Figure 4.65: Interaction between DcuS and CitA. DcuS-CFP (pBAD18) and CitA-YFP
(pBAD30) were co-expressed in E. coli cells by arabinose (133 uM) from
3.5 to 6 hr. Results are from five independent induction series (in total n=20
data points).

4.3.3.2 Interaction between Dcu$S and DctA

To study the interaction between DcuS and DctA in vivo, DctA-YFP in pBAD30
vector was generated and tested for functional activities (Fig. . DcuS-CFP and
DctA-YFP fusions were co-expressed in E. coli cells by 3.5-6 hr of induction with
arabinose. Measured spectra of cells from six independent induction series (in
total n=35 data points) were quantified by automatic FRET analysis (Fig. [4.66)).
Donor fractions were also limited to a narrow range (Fig. upper left, fp =
0.48 + 0.01), similar to those observed in previous induction series co-expressed
by pBAD18 and pBAD30 vectors (Fig. and Fig. [4.65). Substantial FRET
signals were observed between DcuS-CFP and DctA-YFP (Fig. upper right, E
= 0.28 £ 0.03), which suggest an interaction between DcuS-CFP and DctA-YFP in
cells. The stoichiometry of the interaction between DcuS and DctA was also hard
to determine in this case because of the limited distribution of donor fractions (Fig.
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4.66, lower right). Therefore, it can only be concluded that at least hetero-dimers
were formed for the interaction between DcuS-CFP and DctA-YFP in living cells.
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Figure 4.66: Interaction between Dcu$S and DctA. DcuS-CFP (pBAD18) and DctA-YFP
(pBAD30) were co-expressed in E. coli cells by arabinose (133 yM) from
3.5 to 6 hr. Results are from six independent test series (in total n=35 data
points).

4.3.3.3 Interaction between Dcu$S and Tar

To confirm the specificities of above-mentioned hetero-oligomerization of DcuS-
CitA and DcuS-DctA, an irrelevant membrane protein (Tar) was tested as a non-
interacting control for protein-protein interaction of DcuS while co-localized in
the membrane. Tar functions as a membrane-bound chemotaxis receptor. The

YFP fusion of a C-terminal truncated Tar!'—33!

is homogeneously distributed in
the cell membrane [54]]. Because DcuS and Tar are not functionally relevant, no
direct interaction between DcuS and Tar was assumed as a negative control for
FRET occurrence upon protein-protein interaction. As a non-interacting protein
with DcuS-CFP in the membrane, Tar! ~33!-YFP was generated and expressed under
the control of pTrc99a induced by IPTG (from Dr. V. Sourjik, ZMBH, Heidelberg,

Germany) [54]. The YFP fluorescence of Tar-YFP fusion protein was comparable
to that of YFP (Fig. [4.67).
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Figure 4.67: YFP fluorescence of Tar' ~33!-YFP. Emission spectra (A= 488 nm) of
cells expressing Tar' ~331-YFP fusion (black: buffer-subtracted; red: E. coli-
subtracted) in comparison with YFP reference spectra (yellow). Spectra
were normalized by peak intensity.
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Figure 4.68: Interaction between DcuS and Tar. DcuS-CFP (pBAD18) and Tar!—331-
YFP (pTrc99a) were co-expressed in E. coli cells by arabinose (133 uM)
and IPTG (1 mM) from 3 to 6 hr. Results are from four independent test
series (in total n=15 data points).
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DcuS-CFP and Tar-YFP fusions were co-expressed in E. coli cells in the presence
of both arabinose and IPTG. For four independent induction series (in total n=15
data points), measured spectra were quantified by automatic FRET analysis (Fig.
[4.68). The expression level of Tar'—3*'.YFP in pTrc99a (medium-copy-number
vector) were slightly higher than that of above-mentioned YFP fusions in pBAD
(low-copy-number vector) (Fig. lower left, acceptor concentration index
(Afa) marked in yellow), and thus donor fractions were slightly lower than other
above-mentioned induction series under the control of pBAD vectors induced by
arabinose (Fig. upper left, fp = 0.39 + 0.02). FRET efficiencies were de-
tected between Tar!~33!.YFP and DcuS-CFP (Fig. upper right, E = 0.06 +
0.01), but much lower compared with other substantial FRET signals observed in
other co-expression of FP-fusions, such as DcuS-DcuS (Fig. 4.52), DcuS-CitA (Fig.
[4.65), and DcuS-DctA (Fig. [4.66]). A possible explanation for the minor FRET sig-
nals observed between DcuS-CFP and Tar!—331.YFP could be the higher expression
of Tar!~331.YFP compared to DcuS-CFP which may result in locally crowded fluo-
rophore concentrations and thus increase the possibility of non-specific FRET be-
tween non-interacting FP fusions. However, even higher FRET efficiencies should
be expected at relatively lower donor fractions in this case. Therefore, another
possible explanation could be the direct interaction between CFP and YFP moi-
eties of fusion proteins in the membrane. Therefore, the minor FRET (E = 0.06
+ 0.01) could be an estimate of error of FRET detection which may exist between
CFP- and YFP-tagged fusions while co-localized in membrane.
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5 Discussion

DcuS is a membranous sensor kinase of E. coli involved in signal transduction
pathways to regulate C4-dicarboxylate metabolism [, 25]]. The mechanism of sig-
nal transmission across the membrane is not clear. Several modes were proposed
in the literature, e.g. ligand-induced conformational changes [29], changes of
oligomerization level [70, [71]], or interactions with other proteins [72]]. Partial
structures of DcuS have been reported on truncated domains, e.g. sensory domain
[12, 13, 15, [16] and PAS domain of DcuS [19]. However, the structure-function
relationship of DcusS is little understood based on the full-length membrane pro-
tein. Isolated DcuS monomers show no phosphorylation activity [9]]. Therefore, in
this study the oligomeric state and protein-protein interactions of full-length DcuS
was investigated by quantitative Fluorescence Resonance Energy Transfer (FRET)
spectroscopy both in living cells and in vitro.

5.1 Method: Quantitative FRET Analysis

To determine the interaction stoichiometry of protein complexes, a new quanti-
tative FRET method was developed for fluorescence spectroscopy. The sensitiv-
ity of fluorescence methods allows oligomerization or protein-protein interaction
to be studied at low concentration or expression levels much closer to physio-
logical conditions than the over-expression for in vitro assays. Combined with
genetically encoded fluorescent protein fusions as site-specific probes and nonde-
structive tools in living cells [43, 66, 73175, fluorescence methods can monitor
dynamic molecular complexes as direct in vivo evidences for protein-protein in-
teractions in living cells. FRET measurements performed both in vitro and in vivo
allow comparisons between FRET results of both more controlled or more phys-
iological conditions. Many fluorescence/bioluminescence methods are applicable
for studying association/interaction of proteins, and each has its own advantages
and disadvantages. Lifetime-based measurements can determine the FRET effi-
ciency accurately, but require sophisticated instrumentation. Because fluorescence
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lifetime is concentration-independent, lifetime measurements are incapable of dif-
ferentiating relative concentrations of the donor and acceptor [76-78]. Acceptor
photobleaching methods is destructive because of the high laser power needed,
and may result in an error of FRET efficiency due to incomplete photobleach-
ing of acceptor or simultaneous photobleaching of donor [79-81]. Biolumines-
cence resonance energy transfer (BRET) method requires substrates to generate
BRET signals, and BRET signals are usually weaker than FRET signals [82]. Bi-
molecular fluorescence complementation (BiFC) method sensitively detects a new
fluorescence signal, whereas FRET method detects the dynamic changes in flu-
orescence that already exists [83]. Fluorescence cross correlation spectroscopy
(FCCS) method can determine oligomerization, but requires a specialized appara-
tus and nontrivial data analysis [84]. Fluorescence spectroscopy records fluores-
cence spectra under equilibrium conditions in solution without any separation or
fixation, and provides non-destructive detection in the absence of photobleaching
and phototoxicity from laser excitation. Therefore, FRET spectroscopy was used
to investigate the oligomerization and protein-protein interactions of DcusS in this

study.
Since FRET efficiency (E) depends on the relative concentrations of donor (D)
and acceptor (A) fluorophores (donor fraction fD=%) as shown in Fig. (5.1}

knowledge of FRET efficiency (E) without the corresponding donor fraction (fp)
is of very limited use. It is important to consider the dependence of FRET ef-
ficiency on the stoichiometry of donors and acceptors for intra-experiment and
inter-experiment comparisons [85H87].

Degree of Oligomerization
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- Dimer
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Figure 5.1: FRET efficiency as a function of donor fraction and degree of oligomer-

ization. Model for oligomerization state: E = Eyq, x (1— £5%"V). E: FRET
efficiency; fp: donor fraction; oligo: degree of oligomerization

However, donor fraction (fp) or fluorophore concentrations ([D] or [A]) are hard
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to determine directly, in particular in living cells. Even FRET methods have been
widely used to study oligomerization or protein-protein interactions, the FRET
efficiency in living cells has not always been carefully quantified or even neglected
the dependence on the stoichiometry of donor and acceptors in protein complexes
in many studies.

In this study, a quantitative method originally described for fluorescence microscopy
[48] was modified for fluorescence spectroscopy by using two different excitation
wavelengths to yield E and fp simultaneously (hereafter cited as Gordon’s equa-
tion). Based on the FRET efficiency (E) as a function of donor fraction (fp), data
were fitted to a model of oligomeric states [49] 50] to determine the degree of

oligomerization (Fig. 5.1, E = Ejpq X (1 — gligofl))). The reliability of determined

degree of oligomerization depends on the accuracy of FRET efficiency (E) and
donor fraction (fp) determined by Gordon’s equation.

The occurrence of FRET requires the spectral overlap between the emission spec-
trum of donor and the absorption spectrum of acceptor. Because of the spectral
overlap, the observed FRET signal is likely accompanied with the direct excitation
of donor detected at acceptor emission wavelength, or with the direct excitation of
acceptor at donor excitation wavelength. To correct the spectral crosstalk, various
FRET determination methods were proposed in the literature [48, [88-93]]. Gor-
don’s equation was reported as a relatively reliable approach for FRET quantifica-
tion in comparison with other methods [90], because Gordon’s equation provides
more rigorous cross talk correction (by removing the non-FRET contributions of
donor and acceptor) to yield more stable and reproducible FRET efficiencies as
well as measures of fluorophore concentrations (even donor-only and acceptor-
only signals can not be directly measured in the presence of both donor and ac-
ceptor). For the comparison among biological samples containing variable ratios
of donor to acceptor, the FRET efficiencies has to be normalized for variation in
fluorophore concentrations to confirm the statistically significant values of FRET
efficiency.

For each FRET pair, Gordon’s equation requires a proportionality constant termed
G factor which represents the ratio of sensitized acceptor emission to the reduced
donor emission due to FRET occurrence [48]. In this study, the values of G factor
were first calculated from literature values and then -if possible- validated ex-
perimentally (Table. by mixing donor and acceptor fluorophores at known
concentrations and therefore known donor fractions (fp= 0-1). Based on the
calculated values of G factor, the empirical values of G factor were optimized by
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checking the linear relationship between donor fractions determined by Gordon’s
equation and the expected ones. In the literature, G factors (also called & or o)
for CFP/YFP pair have been determined by using CFP-YFP tandem fusions, such
as fusion of known lifetime [94] (estimated G: 0.022, measured: 0.012), fusion
under different extent of photobleaching (G, measured: 3.50) [80], or fusions of
different linker lengths (i.e. different FRET efficiencies, G =5.7 and 0.615) [95]],
or fusion of other GFP variants (Cerulean and Venus, G = 1.815 + 0.067) [96].
Even for the same FRET pair, the values of G factor showed instrument-dependent
deviations [95]. Therefore, G factor (or other equivalent terms for this measure)
is critical to be determined before FRET quantification. The advantages of our
calibration method for G factor is rather simple, readily applicable to other FRET
pairs, and needs no specialized instrumentation.

This method based on Gordon’s equation requires background-free spectra. How-
ever, living cells usually contain strong background, such as scattering and aut-
ofluorescence [61]]. In this study, the background problem was handled by us-
ing flexible background subtraction (FBS). A multi-parameter fitting for FBS was
developed to subtract individual background among cells instead of subtraction
by a fixed background, which ensures background-free spectra for further FRET
quantifications. The quality of reference spectra used for FBS was improved by
sequential steps of centrifugation and ultracentrifugation to remove the cellular
autofluorescence from flavins (FAD, FMN, and riboflavin) and NADH molecules
[61]. Validated by theoretical simulations and experimental controls, FBS can
accurately determine contributions of spectral components, and then efficiently
extract donor and acceptor signals from background, even at low signal-to-noise
ratios. Despite the inevitable instrument-based noise, FBS allows robust and re-
liable extraction of fluorescence signals from background as an automated back-
ground subtraction for spectroscopy in complex biological samples. In contrast,
numerous FRET studies in the literature neglected the variations among samples,
and performed background correction by subtracting a constant background (the
signal from a reference containing neither donor nor acceptor). While cellular aut-
ofluorescence varies from cells to cells, the general background subtraction may
not ensure background-free data for further FRET analysis. Surprisingly, individ-
ual deviations in background fluorescence were seldom taken into account. Only a
few studies handled cell-based background individually, e.g. removal of flavin aut-
ofluorescence components by spectral unmixing in fluorescence microscopy [97],
estimation of autofluorescence by using reference spectra/images of cells contain-
ing neither donor nor acceptor [87, 98, 99].
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For the accurate determination of FRET efficiency, many factors must be taken into
account, such fluorophore concentrations and signal-to-noise ratios. In this study,
the accuracy and applicability of our method for quantitative FRET analysis was
validated step by step with different donor-acceptor pairs, even under complex
experimental conditions in living cells. Therefore, this method can be routinely
employed by software to study the oligomeric states of homo- or hetero-complexes
with almost each donor-acceptor pair either in vitro or in vivo. This method was
subsequently applied to study the oligomerization and protein-protein interactions
of DcusS.

5.2 Interaction between CFP and YFP

To apply the above-mentioned quantitative method for in vivo FRET measure-
ments, GFP variants were used as fluorescent probes which have been widely used
to study homo- or hetero- protein complexes in living cells [100-104]. To inter-
pret FRET data adequately, the accuracy and precision of determination of FRET
efficiency should be carefully evaluated by FRET controls [85]]. The FRET pair of
GFPs has a tendency to form a dimer, the dissociation constant for a GFP homod-
imer has been estimated to be 0.1 mM measured by analytical ultracentrifugation
[105, [106]. Even many crystal structures of GFPs exist as dimers [44, 45, [107]],
purified GFP reveals a diffusion coefficient of consistent monomers at low pro-
tein concentrations by fluorescence correlation microscopy [[108]. The tendency
to form dimers of GFP and its variants depends on the local concentration of GFPs.
In this study, different controls were tested to evaluate the interaction between
CFP and YFP moieties of fusions in living cells. First, (1) a 1:1 CFP-YFP tandem
fusion was generated as a positive control. Not only positive FRET efficiency
(E = 0.6 & 0.1) but accurate donor fraction (fp = 0.5 & 0.02) was observed as
expected. Secondly, (2) CFP and YFP were co-expressed in the same cells. A
minor FRET efficiency (E = 0.07 4+ 0.02 for fp = 0.4 4+ 0.06) was observed that
suggest a weak interaction between cytosolic CFP and YFP. Thirdly, (3) CFP and
YFP were separately expressed in different cells. FRET between CFP and YFP
was impossible to occur because of the spatial separation among cells. No FRET
occurrence (E = 0 + 0.02 for fp = 0-1) was observed as expected in this neg-
ative control. (4) DcuS is a membrane protein, but CFP and YFP are cytosolic
in the absence of DcuS fusion. Therefore, above-mentioned controls only demon-
strated the interaction between CFP and YFP in the cytosol. To further evaluate the
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interaction between CFP and YFP in the cell membrane, a YFP fusion with a non-
interacting membrane protein, a truncated form of the chemotaxis receptor Tar
(Tar!—331) was used to check the interaction with DcuS-CFP in cell membrane. FP
fusions of non-interacting membrane proteins were co-expressed in the same
cells. The co-localization of DcuS-CFP and Tar' —33!-YFP in the membrane results
in a minor FRET efficiency (E = 0.06 + 0.01 for fp = 0.39 + 0.02), which is an
estimate of background FRET signal in our experimental system. In other words,
if the observed FRET efficiency is clearly above the background FRET (i.e. the in-
teraction of target proteins is stronger than the direct association of CFP and YFP),
it can be concluded that the FRET occurrence is specific due to the interaction
of investigated proteins instead of the false-positive FRET results (nonspecific FP
interaction or random collisions because of local accumulation of proteins).

5.3 Oligomerization / Protein-Protein Interactions of
DcuS

Oligomerization of DcuS In this study, oligomerization of DcuS was investigated
both in living cells and in vitro. The FRET efficiency observed in vivo between
DcuS-CFP and DcuS-YFP (E = 0.19 £ 0.02 for fp = 0.41 + 0.01) was clearly
above the background of £ = 0.06. However, the range of fp was very limited
because of the similar expression vectors (pBAD30 vector is a lower-copy-number
derivative of pBAD18 vector) [[68]. Even the degree of oligomerization is hard to
determine because of limited range of fp, it can be concluded that DcuS exists
at least as an oligomer. Only a minor effect of fumarate on the oligomerization
level (E = 0.12 £+ 0.01 for fp = 0.40 + 0.01) was observed, which suggest a con-
stitutive oligomeric state of DcusS in living cells. Options to solve the problem of
limited fp could be using different expression vectors or performing in vitro mea-
surements. Accordingly, oligomerization of DcuS was examined in vitro. Here, no
direct donor-acceptor interaction of conjugated dye molecules was observed (i.e.
no background FRET signal). Donor fractions of labeled DcuS mixtures could be
adjusted in the full range of fp = 0-1. The dependence of observed FRET efficien-
cies on the corresponding donor fractions allowed the determination of degree of
oligomerization by fitting with the model of oligomeric state. Consistent results
from two independent FRET pairs in vitro revealed that DcuS is mainly a dimer.
No significant effect of fumarate on the oligomerization level was observed. The
binding defect mutant of DcuS which retains the kinase activity [15] also revealed
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the oligomerization ability. Therefore, the oligomerization of DcuS seems indepen-
dent of fumarate or fumarate binding site. Besides, no significant concentration-
dependence of FRET efficiency was observed in the range of DcuS concentration
less than 0.1 uM, which can exclude the formation of artificial aggregates of recon-
stituted DcuS in liposomes. The consistent FRET occurrence in vitro and in vivo
provides evidence for homo-dimerization of DcuS as full-length protein for the
first time. So far, all structures of DcuS as well as structural and functional homo-
logues in two-component systems were reported in truncated domains or in vitro.
Examples are the periplasmic sensory domains (DcuS and DctB [30, 31]], PhoQ
[14]) and PAS domain (DcuS [19]). Solution structure of the homodimeric core
domain of Escherichia coli histidine kinase EnvZ was reported as the first structure
of the dimerization domain of an orthodox Histidine protein kinase which shows
a close relationship to the CheA structure, and the periplasmic C-terminal core
domain is critical for homo-dimerization [109-112]]. Other examples are histidine
kinases of two-component systems in E. coli (e.g. turgor sensor KdpD [[113], EvgS
in phosphorelay system [34]) as well as those from other species (e.g. LuxQ in
the marine bacterium Vibrio harveyi [114] and VirA in plant-Agrobacterium sig-
nal transduction [[115]]). Crystal structure revealed a dimer interface of the PhoQ
sensor domain [30}[116]]. Compared with these in vitro structural studies on trun-
cated domains, the oligomerization of DcuS was confirmed by stable FRET signals
of full-length DcuS protein fusions in living cells, as a more functionally-relevant
native state of DcusS.

Interaction of DcuS with CitA The in vivo binding between DcuS and citrate-
specific sensor kinase CitA was newly found. The observed FRET efficiencies be-
tween DcuS-CFP and CitA-YFP (E = 0.15 £ 0.02 for fp = 0.41 £ 0.01) were
above the background. DcusS is structurally related to CitA [13]], but recognizes
a broader range of substrates than CitA [15, [16]. Both DcuS and CitA regulate
metabolic processes without obvious polar function, but exhibit polar accumula-
tion [53]. The binding between DcuS and CitA may suggest a crosstalk between
functionally similar two-component systems DcuSR and CitAB. Crosstalk between
two non-cognate two-component systems is rarely published [117] (e.g. two dis-
tinct two-component systems, CpxA-CpxR and EnvZ-OmpR, converge at the porin
promoters [[118], PmrD protein connecting two distinct two-component systems
PhoP-PhoQ and PmrA-PmrB [[119]). The crosstalk may promote signal amplifica-
tion and persistence of expression [120].
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Interaction of DcuS with DctA A novel interaction between DcuS and the aerobic
dicarboxylate transporter DctA was found by in vivo FRET for the first time. The
observed FRET efficiencies between DcuS-CFP and DctA-YFP (E = 0.28 4+ 0.03 for
fp = 0.48 + 0.01) were clearly above the background, as an evidence for hetero-
oligomerization at the protein level. At gene level, the gene regulation of aerobic
dicarboxylate carrier (dctA) by DcuS was reported controversially: negatively reg-
ulated [6] or induced by the DcuSR system in the presence of C4-dicarboxylates
[25, 33]]. In addition to the transcriptional regulation of dctA gene expression by
DcuSR system demonstrated by in vitro binding of DcuR to the promoter of dctA
gene [7]] (at gene level, from a genomic perspective), our in vivo FRET evidence
suggests a post-transcriptional regulation of DctA by DcuSR system may be me-
diated through protein-protein interactions between DcuS and DctA (at protein
level, from a proteomic perspective). For the functionally similar two-component
system CitAB and cognate carrier CitS, transcriptional regulation of citrate carrier
citS gene by CitAB system was also revealed by the in vitro binding of CitB to the
citS operon [121], but no direct interaction between CitA and CitS was reported
yet.

5.4 Outlook

In this study, an automatic quantitative FRET analysis was developed for fluo-
rescence spectroscopy, and successfully applied to study the oligomerization and
protein-protein interactions of DcuS. This analysis can be widely applicable to de-
termine the interaction stoichiometry of protein complexes for other proteins of in-
terest labeled with adequate fluorophores in vitro or in vivo. To achieve a broader
range of donor fraction (fp) in living cells, different expression vectors can be em-
ployed (e.g. different magnitude of copy number or different inducers) to adjust
the donor fraction for determining the degree of oligomerization in living cells.
With respect to the role of DcuS in the transmembrane signal transduction, the
oligomerization of DcuS seems not to be fumarate-dependent, suggesting that sig-
nal transduction of DcusS is unlikely to be mediated by changes of the oligomeriza-
tion state. Therefore, interactions of DcuS with other proteins could be responsible
for signal transduction. Here, we could reveal that such interactions exist, but the
effect of fumarate on these interactions has not been studied yet.
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Glossary of Acronyms

Alexa 488
Alexa 594
C

CFP

Cys

Dct

Dcu

E. coli
FP
FRET
GFP

His

HK

IAF

PBS

PD

PDI

RR

S
TAMRIA
TDI

™

Trp

\\Y

XFP
YFP

Alexa Fluor 488-Cs-Maleimide
Alexa Fluor 594-Cs-Maleimide
Single-letter code for Cysteine
Cyan Fluorescence Protein
Cysteine

dicarboxylate transport
dicarboxylate uptake
Escherichia coli

Fluorescent Protein
Fluorescence Resonance Energy Transfer
Green Fluorescence Protein
Histidine

Histidine Protein Kinase
5-(Iodoacetamido)fluorescein
Phosphate Buffered Saline
Periplasmic Sensory Domain
Perylenediimide

Response Regulator Protein
Single-letter code for Serine
Tetramethylrhodamine-5-iodoacetamide
Terrylenediimide
Transmembrane Helix
Tryptophan

Single-letter code for tryptophan
CFP or YFP

Yellow Fluorescence Protein
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Glossary of Mathematical Terms

A Acceptor

Absorption
Afa  Concentration index of acceptor
c Concentration
D Donor

Dfd  Concentration index of donor

E Energy transfer efficiency / FRET efficiency
F Steady state intensity or fluorescence
F(A) Emission spectrum

I Donor fraction (%)

Fluorescence intensity

Hour

Spectral overlap

Liter

Molar

Minute

Molecular weight / Molar mass

SEErSPH
=5

n Refractive index

QY Quantum yield

Ry Foster distance

r Distance between donor and acceptor

T the detection efficiency for a given wavelength pair
t Time

Vv Volume

WT  Wild-type

€ Extinction coefficient

<> the fraction of the fluorescence transmitted by the detection set
K2 Orientation factor

A Wavelength

Aem Emission wavelength

Aex Excitation wavelength

Amax ~ Emission maximum

T Fluorescence lifetime / Decay time

™ Donor decay time
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