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ABSTRACT

The fundamental photophysics of fluorescent probes must be understood when the
probes are used in biological applications. The photophysics of BODIPY dyes inside
polymeric micelles and rhodamine dyes covalently linked to proteins were studied.
Hydrophobic boron-dipyrromethene (BODIPY) dyes were noncovalently encapsulated
inside polymeric micelles. Absorbance and fluorescence measurements were employed
to study the photophysics of these BODIPY dyes in the micellar environments.
Amphiphilic polymers with a hydrophobic character and low Critical Micelle
Concentration (CMC) protected BODIPY'S from the aqueous environment. Moderate
dye loading conditions did not result in ground-state dimerization, and only fluorescence
lifetimes and brightnesses were affected. However, amphiphilic polymers with a
hydrophilic character and high CMC did not protect the BODIPYS from the aqueous
environment with concomitant ground-state dimerization and quenching of the
fluorescence intensity, lifetime, and brightnesses even at low dye loading conditions. At
the doubly-labeled interfaces of Escherichia coli (E. coli) DNA processivity f clamps,
the interchromophric interactions of four rhodamine dyes were studied:
tetramethylrhodamine (TMR), TMR C6, Alexa Fluor 488, and Alexa Fluor 546.
Absorbance and fluorescence measurements were performed on doubly-labeled  clamps
with singly-labeled  clamps and free dyes as controls. The absorbance measurements
revealed that both TMR and TMR C6 readily formed H-dimers (static quenching) at the
doubly-labeled interfaces of the B clamps. However, the TMR with a longer linker (TMR
C6) also displayed a degree of dynamic quenching. For Alexa Fluor 546 and Alexa Fluor
488, there were no clear signs of dimerization in the absorbance scans. However, the



fluorescence properties (fluorescence intensity, lifetime, and anisotropy) of the Alexa
Fluor dyes significantly changed when three methodologies were employed to disrupt the
doubly-labeled interfaces: 1) the addition of sodium dodecyl sulfate (SDS) detergent to
denature the proteins, 2) the addition of clamp loader (y complex) to open one of the two
interfaces, and 3) the use of subunit exchange to decrease the number of dyes per
interface. These fluorescence measurements indicated that for the Alexa Fluor dyes,
other interchromophoric interactions were present such as dynamic quenching and homo-

Forster Resonance Energy Transfer (homo-FRET).
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CHAPTER ONE

INTRODUCTION TO FLUORESCENCE

11 Fluorescence Concepts

Small organic conjugated molecules known as dyes/fluorophores can interact with
light. The Jablonski Diagram shown in Figure 1.1 depicts the interactions between dyes
and photons of light. The electronic states of a dye are shown with each electronic state
divided into different vibrational levels. Upon the dye’s absorption of a photon, an
electron in the singlet ground state (So) can be excited to a singlet excited state (Si, S»,
etc). Light absorption is near instantaneous on the timescale of femtoseconds. As shown
in Figure 1.2, singlet states are states where the pair of electrons have opposite spins. In a
singlet excited state, the spin of the excited state electron is still paired with that of the
ground state electron. Fluorescence is the radiative relaxation/decay of the singlet
excited state. In other words, a photon of light is emitted as the excited electron returns,
or decays, to the ground state. Fluorescence occurs on the timescale of nanoseconds.
There are two important measures of fluorescence: quantum yield and lifetime.

Quantum yield is the ratio of emission photons to absorbed photons. Dyes with high
quantum vyields, approaching unity, are considered bright. The fluorescence lifetime is
the time it takes for the excited state population to decay to e of its initial value.

As depicted in Figure 1.1, fluorescence almost always occurs from the lowest
vibrational level of S;. Two mechanisms are responsible for this: internal conversion
and vibrational relaxation. Internal conversion is a radiationless de-excitation mechanism
whereas vibrational relaxation is a transition from a higher vibrational level to a lower

1



vibrational level within the same electronic state. Vibrational relaxation occurs due to the
fast picosecond rearrangement of water molecules around the dye to minimize the energy
of the dye’s excited state. Because of these mechanisms, the fluorescence always has less
energy, or longer wavelength, compared to the exciting light. The difference in
energies/wavelengths between the excitation and emission is known as Stokes shift.

Figure 1.1 displays the symmetry between excitation and emission: excitation to
different vibrational levels of the excited state vs return to different vibrational levels of
the ground state. This symmetry causes the absorbance/excitation and emission spectra
to be mirror images of each other.

Another radiationless de-excitation mechanism would be intersystem crossing
where the spin of the excited electron flips. This action creates a triplet excited state.
Radiative relaxation from the triplet excited state is known as phosphorescence.
Phosphorescence occurs on a longer timescale of milliseconds or even hours because the
spin of the excited electron must flip again before it can decay back to the ground state.
When the excited electron returns to the ground state, its spin must be opposite that of the
ground electron (Pauli Exclusion Principle). These spin-flips are classically forbidden

and have a low probability in quantum mechanics: hence, the long timescale.
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Figure 1.1: Jablonski Diagram.
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Figure 1.2: Singlet vs Triplet.

Figure 1.3 reveals the effects of polarization and photoselection. If the exciting
light is of a certain polarization, then the dye molecules whose absorption dipoles are
oriented in that direction will be preferentially excited (photoselection). The probability
of absorption/excitation will follow a cos?0 dependence where 0 is the angle between the
absorption dipole of the dye and the direction of the polarized exciting light. With
vertically polarized excitation light, vertically oriented dyes (0°) will have the highest
probability of absorption whereas dyes oriented at an angle to the vertical will have a
lower probability of absorption. Horizontally oriented dyes (90°) will not be excited at
all. If the solution is a cold, viscous, rigid medium, then the dye molecules will not
sufficiently move on the timescale of fluorescence. Therefore, the fluorescence
polarization will be high (similar to that of the exciting light). However, if the solution is
fluid (hot and non-viscous), then the orientations of the dye molecules will randomize
during the fluorescence, and the fluorescence polarization will be small. Besides
rotational diffusion, other factors such as energy transfer can affect the fluorescence
polarization. Anisotropy is another measure of polarization and will be explained in

greater detail in the next section.
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Figure 1.3: Effects of Photoselection and Media on Fluorescence Polarization.

1.2 Instrumentation of Fluorescence Techniques

A Fluorimeter

The PTI Quantamaster fluorimeter was used to measure excitation and emission
scans. For excitation scans, the excitation wavelength is varied while the emission is
collected at a fixed wavelength. In contrast, for emission scans, the excitation
wavelength is fixed while the emission is collected at varying wavelengths. Figure 1.4
shows the diagram of the fluorimeter. A xenon arc lamp (1) provides a bright white light
while an excitation monochromator (4) allows the selection of the excitation wavelength

out of the white light. A focusing lens guides the excitation light to the cuvette holder (5)
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for the sample. The fluorescence is collected perpendicular to the direction of the
excitation in order to minimize the collection of scattered excitation light. An emission
monochromator (6) allows the selection of a particular emission wavelength while the
photomultiplier tube (PMT) (7) detects the fluorescence photons. Slits (2) and shutters

(3) control the intensity of light in both the excitation and detection pathways.

2

3 2

Figure 1.4: Fluorimeter [Lamp (1), Slit (2), Shutter (3), Excitation Monochromator (4),
Cuvette Holder (5), Emission Monochromator (6), and PMT Detector (7)]

One potential artifact present in all absorbance and fluorescence techniques is
primary and secondary inner filter effects. In samples with high optical
density/absorbance, both attenuation of the excitation light and reabsorption of emission
light may occur. Figure 1.5 depicts the primary inner filter effect. In the dilute sample,
the excitation light travels uniformly through the solution whereas in the concentrated
sample, the excitation light is attenuated as it travels through the solution. These artifacts

can be avoided by keeping the optical density at 0.1 or below.
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Figure 1.5: Primary Inner Filter Effect

B. Time-Correlated Single Photon Counting

Time-Correlated Single Photon Counting (TCSPC) uses a pulsed laser along with
sophisticated timing electronics to measure the time between excitation of the sample and
the emission of a fluorescence photon. Depending on the repetition rate, the pulsed laser
can generate millions of excitation cycles per second. The times between excitation and
emission are referred to as photon arrival times and are recorded for each excitation
cycle. Asshown in Figure 1.6, a histogram of photon arrival times can be generated.
This histogram describes the decay of the excited fluorophore population. Analysis of
this decay curve allows the determination of the fluorescence lifetime. The true decay
can be described by a monoexponential decay in Equation 1.1

1(t) = Iye (1.1)

where lo is the peak/maximum of the decay and z is the fluorescence lifetime. The

fluorescence lifetime is the time at which the excited state population has decayed to e
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of its initial value. It is important to keep in mind the following: not all excited dyes
decay to the ground state within z. Instead, the lifetime is a statistical property that states
that only e of the initial excited fluorophore population has not yet decayed. For the
cases of one species in different environments or multiple species present, Equation 1.2

describes the decay as a sum of discrete exponential decays.

I(t) = 3, Ae” T (1.2)
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Figure 1.6: Histogram of Photon Arrival Times in TCSPC. Photon arrival times for
separate excitation cycles are recorded. The detection events are then organized into a
histogram. Figure by courtesy of Dr. Su Lin.

Unfortunately, analysis of TCSPC decay curves is not so straightforward. The
photodetector has an inherent timing response that gets convoluted with the true decay.
The timing response of the detector and the overall setup is referred to as the Instrument
Response Function (IRF). Both a picosecond pulsed laser and a detector with a timing
response in the tens of picoseconds are essential in order to have a good IRF. An IRF
should have a narrow Full Width at Half Maximum (FWHM). The IRF can be measured
with Ludox, a colloidal silica solution. Equation 1.3 describes the experimental decay as

a convolution of the IRF with the true decay
N(t) = [; LIt — t)dt’ (1.3)

where N(t) is the experimental decay, L(z’) is the IRF, and I(t-¢’) is the true decay.



The fluorescence lifetimes can be determined with IRF reconvolution and least
squares fitting. First, the IRF is convoluted with a simulated decay. This simulated
convolution is then iteratively compared to the experimentally measured decay. The goal
is to minimize the sum of squared differences between the simulated convolution and the

experimentally measured decay as shown in Equation 1.4

LN = I(t)]? (1.4)

1
oy

X=X
where N(t) is the experimentally measured decay, I(t) is the true/simulated decay, and
1/5% is the weight (reciprocal of the variance). Since photon counting data follow a
Poisson distribution, the variance is the average number of photon counts at time i.
Indicators of a good fit are a low y? and randomness of the residuals.

Polarization artifacts can also affect the TCSPC data. Ideally, the collected
emission would be representative of the total emission. The total emission is depicted in
Figure 1.7 and is defined in Equation 1.5 as I, + 21,5 Where lyy and vy are vertically
and horizontally oriented emissions upon vertical excitation. Equations 1.6-1.7 describe
the vertically and horizontally oriented emissions where 8 and @ are angles relative to the
z and y axes respectively. Unfortunately, emission monochromators have polarization
biases in which either horizontally or vertically oriented fluorescence will be transmitted
more efficiently than the other orientation. The magic angle condition must be used so
that the collected emission is proportional to the total emission. In the magic angle
condition, the sample is excited with vertically polarized light (0°), and the emission is
collected at the magic angle (54.7° with respect to the vertical z direction). The magic
angle condition allows Iv+ to be detected twofold over lyy. The following derivation

explains how the magic angle condition fulfills that detection requirement.
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Iy = Iy + 21y (1.5)
Ivw = c0s%0 (1.6)
Ivy = sin?0sin’® (1.7)
If it is assumed that the dyes are equally distributed between 0 and 27 in the @
direction, then Equation 1.8 describes the average value of sin’®.

2w .,
(sin2e) = b 24 _ 1 (18)

)" de 2
The 2 from Equation 1.5 and the ¥z from Equation 1.8 cancel each other out.
Equation 1.5 simplifies to I+ = cos?d + sin®6. If 0 is 54.7°, then cos?(54.7°) is 0.333 and
sin?(54.7°) is 0.667. The horizontally oriented emission will be detected twofold more
than the vertically oriented emission. Now, the collected emission is proportional to the

total emission.
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Figure 1.7: Total Emission Intensity in Cuvette Setup
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Another potential artifact is the pile-up effect. The photon count rate should be
low (just 1% of the repetition rate). Since the timing electronics are not instant, the
photodetectors have a dead time where the detection of one photon prevents the detection
of another photon until the detector is ready again. If a large number of photons are
emitted during one excitation cycle, only the first photon will be detected. This
shortcoming biases the TCSPC histogram to earlier photon arrival times resulting in a
lower measured lifetime. In order to avoid this bias, the photon count rate should be a
small percentage of the repetition rate.

The TCSPC setup used in this research is described in Figure 1.8. A pulsed laser
provides the source of excitation and a SYNC signal which is an electrical signal
analogous to the optical pulse. A radial neutral density filter is used to control the
intensity of the exciting light before the exciting light reaches the sample in the cuvette
holder. The fluorescence is collected perpendicular to the direction of the excitation. An
emission filter selects the desired range of emission wavelengths, and the photomultiplier
tube (PMT) acts as the detector. A TCSPC timing card receives signals from both the
SYNC and the PMT detector which allow it to calculate the photon arrival times and

generate the corresponding histogram.

ND filter
sample

e} - 8]

[
1 cutoff filter

[}
I I

diode laser driver timing electronics
sync out sync |

Figure 1.8: TCSPC Setup. Figure by courtesy of Dr. Su Lin.
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C. Time-Resolved Fluorescence Anisotropy

As mentioned earlier, fluorescence polarization refers to the polarization of the
emission upon excitation of the sample with polarized light. Rotational diffusion and
energy transfer determine the extent of the fluorescence polarization. Polarization can be
calculated by exciting with vertically polarized light and monitoring the emission in the
vertical and horizontal directions. Polarization is defined as a ratio of intensities in

Equation 1.9.

p=wlva (1.9)

T Iyy+ivy
However, the polarization is not normalized correctly because the total intensity is
Iw + 2xIlvu. Hence, a new term called anisotropy was used to refer to the correct
normalization as shown in Equation 1.10. It is important to note that

polarization/anisotropy are experimentally calculated, not experimentally measured.

— lyy—Ilyg (1.10)

- Iyy+2lyy

Ideally, Equation 1.10 would be a sufficient description of anisotropy. However,
there are other considerations. Monochromators can display a polarization bias which
will impact polarization/anisotropy measurements. In order to account for this
polarization bias, the G factor must be measured with a free dye standard. The G factor

is Inv/lnn. Equation 1.11 displays the G factor correction in the anisotropy.

_ IVV_GXIVH (1.11)

- Iyy+2XGXIlyy
The anisotropy can be fit to the Perrin Equation (Equation 1.12) if rotational

diffusion is the only contribution

T
r=—
1+

11
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where rg is the fundamental anisotropy (at t = 0), 7 is the fluorescence lifetime, and @ is
the rotational correlation time (the time it takes for the dye molecule to rotate one radian
on average). The Perrin Equation shows that anisotropy can be used to monitor rotational
diffusion if the rotational diffusion occurs on the same timescale as fluorescence.

In the absence of rotational diffusion and energy transfer, the fundamental
anisotropy describes the loss of anisotropy due to photoselection and angular
displacement between the absorption and emission dipoles. Because of the cos2d
dependence in photoselection, dyes that are not precisely oriented with the polarized
excitation will still be excited. If the absorption and emission dipoles are collinear, ro
will be 0.4. However, an angle j between the absorption and emission dipoles will
further decrease the anisotropy by (3cos23-1)/2. With these two contributions, the

fundamental anisotropy can be defined in Equation 1.13.

__ 2 ,3cos?B-1

To = . ) (1.13)

While steady state anisotropy is useful, time-resolved anisotropy can reveal how
quickly the anisotropy decays. The time-resolved anisotropy can be calculated using

Equation 1.14. Although G = %, the G factor can alternatively be calculated with
HH

tail-matching. In tail-matching, lvw(t) and lvn(t) are measured for a free dye standard
whose rotational correlation time is much shorter than the fluorescence lifetime. Because
of that condition, the fluorescence emission is expected to be depolarized at long times.
Therefore, the two decay curves can be scaled until their tails match (i.e. have equal

intensities at long times). The scaling factor, or multiplication factor, is the G factor.® 2

_ Ivyww®-GXIyu(t)
r(t) - TIyy ()+2XGXIyy(t) (114)
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For a spherical object, the anisotropy can be fit to a mono-exponential decay in
Equation 1.15.
r(t) = roe_t/e (1.15)
Many factors can lead to more complicated anisotropy decays. For example, dyes
never have spherical shapes. Dyes can also be surrounded by anisotropic environments
or attached to biological macromolecules. Similar to the TCSPC decay curve, a sum of

discrete exponential decays can be used as shown in Equation 1.16.

r(e) = X, roce /9 (1.16)

However, various complex fitting models can also be used. Hindered Rotor
(Equation 1.17) assumes that a crowded anisotropic environment leads to a limiting
anisotropy. In other words, the fluorescence anisotropy cannot decay to zero within the
timescale of the experiment due to the limited motion of the dye. An example would be a
dye embedded in a membrane

r(t) = (rg —r)e 16 + 1, (1.17)
where r. is the limiting anisotropy.

Segmental Mobility of a Biopolymer-Bound Fluorophore (Equation 1.18)
describes the anisotropy decay of a dye attached to a biological macromolecule with a
flexible covalent linker. This fitting model assumes two rotational correlation times: one
correlation time associated with the local motion of the attached dye and the other time

associated with the global motion of the macromolecule.

r(t) =r, [ae_t/ef +(1- a)]e_t/gp (1.18)
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Where 6 is the correlation time associated with the fast segmental motions of the
attached dye and 6, is the correlation time associated with the slow overall motion of the
biological macromolecule. This fitting model is a special case of hindered rotor where
the anisotropy decays rapidly to r.. = ro (1-a) due to the fast motion of the dye. Then, the
anisotropy slowly decays to zero due to the slow motion of the macromolecule.

Similar to the TCSPC decay, the IRF can also affect the anisotropy decay.
However, a simple IRF reconvolution cannot be performed because the anisotropy decay
is calculated, not measured. The only way to take the IRF into account is to do a
simultaneous fitting of lvv and Ivh.

For the purpose of this research, the anisotropy decays were not fit. Instead, the
focus was on the trends. Therefore, no attempt was made to account for the IRF.

The TCSPC setup described in Figure 1.8 was also used for the time-resolved

anisotropy measurements.

D. Fluorescence Correlation Spectroscopy

Fluorescence Correlation Spectroscopy (FCS) refers to the autocorrelation of
fluorescence fluctuations over a range of delay times from a small number of molecules
within an optically restricted volume.® This autocorrelation of fluorescence fluctuations

is described in Equation 1.19

(1) = (8F(t)8F (t+7)) (1.19)

(F)?
where 7 is the delay time, or lag time, and 6F(0) and 6F(z) are the fluorescence

fluctuations around the average intensity (F) at times 0 and t, respectively. This
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autocorrelation function is normalized by the average intensity squared (F 2. In Figure

1.9, an intensity time trace depicts 0F(¢) and oF(t + ) from (F).
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Figure 1.9: Intensity Time Trace

For FCS measurements, the concentration is typically in the nanomolar or
picomolar range, and the optically restricted volume is typically on the order of
femtoliters. The dilute sample concentration and the small observation volume ensure
that only a few molecules are in the observation volume at any given time. Due to these
characteristics, FCS is considered a quasi-single molecule technique. The average
number of molecules in the observation volume can be calculated by Equation 1.20

N = N,CV (1.20)
where Na is Avogadro’s Number, C is the molar concentration, and V is the observation
volume.

The observation volume is created through confocal optics: 1) an objective lens
focuses the laser (with a Gaussian profile) to a diffraction limited spot within the sample
and 2) a pinhole/aperture in the detection pathway rejects out-of-focus light. This pinhole
is located at the conjugate focal plane: hence, confocal optics. Under these two
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conditions, the confocal observation volume is typically an ellipsoid elongated along the
optical axis. The observation volume is depicted in Figure 1.10a. The longer axis of the
observation volume that is elongated along the optical axis is referred to as the semi-

major axis u while the smaller axis is referred to as the semi-minor axis s, or waist.
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Figure 1.10: FCS Observation Volume and Autocorrelation Curve. (a) The confocal
observation volume is illuminated with a green laser of Gaussian profile. The center of
the observation volume is most brightly illuminated. The molecules inside this volume
display yellow fluorescence. The black arrows depict the trajectories of the diffusion.
The horizontal and vertical blue dashes depict the semi-minor axis s and the semi-major
axis u respectively. (b) An autocorrelation curve for 1 nM TAMRA dye in water excited
at 532 nm.

Many processes can lead to fluorescence fluctuations such as transitions to the
dark triplet state (blinking), binding, and diffusion due to Brownian motion. The decay
of the autocorrelation function reveals the timescale of these processes. If Brownian
motion is the only contribution to the fluorescence fluctuations, then fast diffusion
through the observation volume will cause the correlation to decay quickly as shown in

Figure 1.10b. If the diffusion is slow, then the correlation will decay slowly. In the
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above case of Brownian motion, the autocorrelation function can be fit to a simple

diffusion model (Equation 1.21)

4Dt

G(1) = GO)A+2D)H A+ )72 (1.21)
where G(0) is the amplitude at z = 0, D is the diffusion coefficient, s is the semi-minor
axis of the observation volume, and u is the semi-major axis of the observation volume.
The amplitude gives the inverse of the average number of diffusing particles in the
observation volume G(0) = (N )-Z. Since dilute concentrations result in large amplitudes,
FCS is more sensitive to dilute concentrations than high concentrations. In contrast,
ensemble fluorescence technigques are more sensitive to higher concentrations.

If the semi-major axis u is sufficiently large, then the term containing u vanishes.
In other words, fluorescence fluctuations along the optical axis do not contribute to the
autocorrelation function. Only fluorescence fluctuations along the waist of the
observation volume contribute to the autocorrelation function. Equation 1.21 simplifies

to Equation 1.22.

4Dt

G(t)=G(0)(1+ 5—2)‘1 (1.22)
In the beginning, FCS measurements are always performed on a free dye standard
with known diffusion coefficient. The autocorrelation function of the free dye can be fit
by Equation 1.22 with a fixed diffusion coefficient to determine the waist, or semi-minor
axis. Once the waist is known, FCS measurements can be performed on the actual
samples to measure the diffusion coefficient.
If N fluorescent species with different brightnesses contribute to the

autocorrelation, then the autocorrelation function can be described as Equation 1.23.
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N 204 40iT 4
L=1NlBl (1+ 52 )

(N, N;B))?

G(r) == (1.23)

Where B is the brightness of the ith species and N; is the number of ith species. Due to
the presence of particles of different brightnesses, the experimentally measured amplitude
will not give the true number of particles. Instead, Equation 1.24 applies.

S NiBE 1 (BY) _ 1 o%+u?
GNNiB)?2  (XiN)(Bj)2 Nr p?

G(0) =

(1.24)

Where ¢? and | are the variance and mean of the probability density function that

describes the distribution of brightnesses. As a result, the inverse of G(0) deviates from
. o?+pu? 4
the true number of particles by a factor of (T) .

One artifact that can affect FCS measurements is the afterpulse of the
photodetector. When a fluorescence photon strikes the photoactive area of the
photodetector, a photon detection event occurs in which the optical input is converted to
electrical output (electron avalanche). Sometimes, the electrons are trapped in lattice
defects in the photoactive area. Then, these electrons are later released by heat or some
other mechanism. These released electrons are considered to be spurious photon
detection events because they do not indicate true photon detection events.
Unfortunately, these spurious photon detection events do occur in response to true photon
detection events. Hence, the spurious events appear as an abrupt increase in the
autocorrelation at low microsecond lag times. This feature is called the afterpulse. This
afterpulse can be minimized by cross-correlation FCS. In cross-correlation FCS, the
fluorescence emission in the detection pathway is directed to two photodetectors by a

beam splitter. Since there is no reason for the afterpulses from two detectors to be
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correlated, the afterpulse effect should disappear when the signals from the two detectors
are cross-correlated.*®

FCS measurements should be performed at low to moderate laser powers to avoid
optical saturation of the observation volume. As previously mentioned, the laser should
have a Gaussian profile. Therefore, the excitation intensity distribution (EID) should be
Gaussian as well. The excitation probability distribution (EPD) describes the probability
that a dye in the observation volume will absorb a photon and be excited. Ideally, the
EPD will be directly proportional to the EID. The EPD is multiplied with the light-
collection efficiency function (CEF) to define the molecule-detection function (MDF).
This MDF describes the probability of detecting a fluorescence photon from a dye at a
particular position in the observation volume. At a certain laser power (depending on the
extinction coefficient of the dyes), the majority of dyes in the observation volume are not
in the ground state but in the excited state. As a result, the EPD flattens and no longer
has a Gaussian peak. This artifact creates an apparently larger non-Gaussian observation
volume. This non-Gaussian MDF will lead to smaller amplitudes and longer diffusion
times. Therefore, the laser power should be kept low to avoid these artifacts.® ’

Figure 1.11 describes the FCS setup used in this research. A continuous laser
provides the exciting light. A dichroic filter inclined at 45° reflects the excitation into an
oil-immersion objective lens. The objective lens focuses the excitation light into a
diffraction-limited spot within the sample on a glass coverslip. The same objective lens
collects the fluorescence from the diffraction limited spot, and the same dichroic filter
transmits the fluorescence. The fluorescence is reflected by a mirror into a 50 um
pinhole. The fluorescence is then guided through an emission filter and to an avalanche
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photodioide (APD) detector. The APD detector is connected to a dedicated hardware

correlator card which calculates the autocorrelation for logarithmically spaced lag times.

Figure 1.11: FCS Setup. Figure by courtesy of Doug Daniel.
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CHAPTER TWO

PHOTOPHYSICS OF RHODAMINE AND BODIPY FLUOROPHORES

2.1  Rhodamine Monomers

Xanthene dyes and rhodamine dyes are commonly used fluorescent
dyes/fluorophores. Xanthenes and rhodamines are used for labeling of biological
macromolecules such as DNA and proteins and as donors and acceptors in Forster
Resonance Energy Transfer (FRET) applications. They have large fluorescence quantum
yields and a narrow Stokes shift of 20-30 nm. Both dye structures are shown in Figures
2.1aand 2.1b. Xanthene dyes are organic heterocyclic compounds with a conjugated 7-
electron distribution. Rhodamine dyes have structures very similar to that of xanthene
dyes with two modifications: 1) the addition of amino groups and 2) the addition of a
phenyl group. Various reactive groups such as carboxyl groups can be attached to the
phenyl ring for labeling. Fortunately, the carboxyphenyl group is almost perpendicular to
the plane of the xanthene scaffold. Hence, the carboxyphenyl ring has a negligible
impact on xanthene’s m-electron system and on xanthene’s absorbance and fluorescence
properties.® In the following paragraphs, the effects of both alkylated amino groups and
unesterfied carboxyphenyl groups on the photophysics of rhodamines will be explained.

The absorbance and fluorescence properties of rhodamines with unesterfied
carboxyphenyl groups do change with the pH of the solution. In 1981, I. Lopez Arbeloa
and P. Ruiz Ojeda studied the different molecular forms of Rhodamine B as a function of
pH. The structure of cationic Rhodamine B is shown in Figure 2.1c. Rhodamine B has a
carboxyphenyl group and fully alkylated amino groups. At a basic pH, Rhodamine B
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was present in a neutral (zwitterion) form with a negatively charged carboxyphenyl group
and a positively charged alkylated amino group. At an acidic pH, the carboxyphenyl
group was protonated causing the cationic form to become dominant. As the pH
decreased, the wavelengths of both the absorption and emission maxima were red-shifted
by a few nanometers. At really acidic conditions where the pH was below 2.5, the
absorbance spectrum intensity dropped indicating the emergence of a colorless lactone
with an interrupted n-electron system.® In 1986, I. Lopez Arbeloa studied the absorbance
and fluorescence properties of different molecular forms of Rhodamine B in different
solvents. Arbeloa attempted to find clear correlations between the
absorbance/fluorescence properties of Rhodamine B and the solvent properties. As an
example, it was suspected that torsional motion of the alkylated amino groups served as a
non-radiative deactivation pathway for the excited state. Therefore, increasing the
solvent viscosity should have reduced the torsional motion and increased the fluorescence
quantum yield and lifetime. However, a substantial enhancement of fluorescence
quantum yield was not observed with solutions of ethylene glycol or butanol.
Furthermore, upon transition from ethanol to water, the fluorescence quantum yield
dropped even though the two solvents had similar viscosities. Despite the lack of clear
correlations between absorbance/fluorescence properties and solvent properties, two clear
trends did emerge. 1) The protonated cationic form of Rhodamine B had a lower
fluorescence quantum yield compared to that of the neutral (zwitterion) form of
Rhodamine B. Arbeloa speculated that the zwitterion form of Rhodamine B had an
increased C-N bond order in the terminal alkylated amino groups which reduced the
torsional motion of those same amino groups thereby reducing non-radiative deactivation
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of the excited state. 2) The colorless lactonic form of Rhodamine B manifested in aprotic
solvents such as DMSO and DMF. Arbeloa speculated that only protic solvents can
solvate the carboxyphenyl group by hydrogen bonding.°

The structure of Rhodamine 6G is shown in Figure 2.1d. Rhodamine 6G differs
from Rhodamine B in two major ways. 1) In Rhodamine 6G, the amino groups are only
partially alkylated. The photophysics of rhodamines with partially alkylated amino
groups or amino groups incorporated in six-membered rings tend to be solvent
independent. 2) The carboxyphenyl group has been replaced with an ester phenyl.
Therefore, Rhodamine 6G is not expected to display different molecular forms as a
function of pH.2

In 1989, F. Lopez Arbeloa et al. studied the absorbance and fluorescence
properties of Rhodamine 19. The structure of Rhodamine 19 is indicated in Figure 2.1f.
Both Rhodamine 6G and Rhodamine 19 have similar structures. The only important
difference between the two structures is that Rhodamine 6G has an ester phenyl whereas
Rhodamine 19 has a carboxyphenyl. Therefore, Rhodamine 19 was expected to display
behavior similar to that of Rhodamine B. Red-shifts of the absorption and emission
peaks upon increasing acidic conditions were observed for both aqueous and ethanolic
solutions of Rhodamine 19 (as was observed with Rhodamine B as well). With ethanol,
the red-shifts were more pronounced. For both aqueous and ethanolic solutions of
Rhodamine 19, the fluorescence quantum yields decreased upon increasing acidic
conditions (also observed with Rhodamine B).!

The structure of Rhodamine 3B is shown in Figure 2.1e. Rhodamine 3B has a
structure similar to that of Rhodamine B with one major difference: the carboxyphenyl
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group has been esterfied. Like Rhodamine 6G, Rhodamine 3B is not expected to display
different molecular forms as a function of pH. In 1991, F. Lopez Arbeloa et al. did a
thorough study of the photophysics of Rhodamine 19 (different molecular forms),
Rhodamine 6G, Rhodamine B (different molecular forms), and Rhodamine 3B in
water/ethanol mixtures. Arbeloa speculated that an interaction between the xanthene
moiety and the carboxyl group was responsible for the phenyl ring being nearly
perpendicular to the xanthene scaffold. Arbeloa also speculated that the interaction
changed the distribution of xanthene’s resonance structures. The interaction between the
xanthene and the carboxyl drew the positive charge away from the amino groups onto the
xanthene and decreased the bond character of the xanthene-amine double bond. This
redistribution of xanthene’s resonance structures caused the amino groups to transition
from a planar structure to a pyramidal structure as shown in Figures 2.1b and 2.1c
respectively. With the positive charge stabilized on the xanthene, internal conversion
was reduced and fluorescence was enhanced. The interaction strength decreased down
the following series: the deprotonated carboxyl group (neutral/zwitterion), the protonated
carboxyl group (cation), and the ester. Hence, the interaction strength was strongest with
the deprotonated carboxyl group. This trend explained why the deprotonated
zwitterion/neutral forms of rhodamines had higher fluorescence quantum yields than the
protonated cationic forms. The same trends of interaction strength were observed in
ethanol (deprotonated > protonated > ester). However, since ethanol poorly solvated the
carboxyl group, the interaction between the xanthene and the carboxyl was stronger in
ethanol compared to water. Hence, the rate of internal conversion was lower in ethanol.
Arbeloa also speculated that the rhodamines with fully alkylated amino groups
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(Rhodamines B and 3B) stabilize the positive charge on the amino group through the
inductive effect trapping the amino groups in the planar state and increasing internal
conversion. In contrast, for rhodamines with partially alkylated amino groups
(Rhodamines 6G and 19), the inductive effect was weaker allowing a stronger
contribution of pyramidal amino groups and reducing internal conversion.'> A 1993
study by Sauer et al. seemed to confirm Arbeloa’s speculations. One of the dyes studied
by Sauer et al. was Rosamine 1 whose structure is depicted in Figure 2.1g. Rosamine 1
has amino groups incorporated into six-membered rings and a phenyl ring with no
substituents. Rosamine 1 displayed a weak fluorescence quantum yield and lifetime.
Sauer et al. speculated that with the removal of the carboxyl group, the phenyl ring
became nearly coplanar with the xanthene scaffold in the first excited state. Loss of
perpendicularity was followed by an increase in the internal conversion and a decrease in
the fluorescence quantum yield and lifetime.*

In the late 1990s, a new class of fluorophores called Alexa Fluor was released by
Molecular Probes. The majority of dyes in this relatively new class were sulfonated
rhodamines. The negatively charged sulfonates improved water solubility and minimized
dye aggregation by charge repulsion. Protein conjugates of these Alexa Fluor dyes were
reported as being brighter than the protein conjugates of traditional rhodamines and

cyanines. !4
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Figure 2.1: Structures of Xanthenes. Xanthene (a), Rhodamine (b), Rhodamine B (c),
Rhodamine 6G (d), Rhodamine 3B (e), Rhodamine 19 (f), Rosamine 1 (g), and Acridine
Red (h).
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2.2  Rhodamine Dimers

A. Absorbance Properties of Rhodamine Dimers

In 1963 and 1966, K. K. Rohatgi and G. S. Singhal studied the behavior of
Rhodamine B in water at different concentrations. They observed the emergence of a
shorter-wavelength/higher energy peak in the absorbance scans as the Rhodamine B
concentration was increased from micromolar to millimolar. They attributed this blue-
shifted (hypsochromic) peak to dye aggregation caused by the hydrophobic effect.?> 1 In
1972, Judith E. Selwyn and Jeffrey I. Steinfeld studied the aggregation equilibria of
xanthene dyes and rhodamine dyes. As the concentrations of Rhodamine B and
Rhodamine 6G in aqueous solutions at room temperature were increased from
micromolar to millimolar, pronounced blue-shifted peaks were observed in the
absorbance scans.!” An example of such a hypsochromic peak in the absorbance scan is
depicted in Figure 2.2. For ethanolic solutions of Rhodamine B at room temperature, as
the concentration of Rhodamine B was increased from micromolar to millimolar,
pronounced red-shifted (bathochromic) peaks were observed in the absorbance scans.
Similar bathochromic shifts were observed for ethanolic solutions of Acridine Red
(structure shown in Figure 2.1h) at room temperature.l’ In 1982, I. Lopez Arbeloa and P.
Ruiz Ojeda studied the aggregation of Rhodamine B in water of basic pH (pH = 12) at
room temperature. They observed the same hypsochromic shifts in the absorbance scans
of Rhodamine B as the concentration was increased from micromolar to millimolar.® In
1982, F. Lopez Arbeloa et al. observed hypsochromic shifts in the absorbance spectra of
aqueous solutions (pH = 4) of Rhodamine 6G at room temperature as the concentration
was increased from micromolar to millimolar.'® In 1989, Oscar Valdes-Aguilera and D.
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C. Neckers also studied the aggregation behavior of xanthene dyes. They observed
similar hypsochromic shifts in the absorbance spectra of aqueous solutions of Rhodamine
6G at room temperature as the concentration was increased from micromolar to
millimolar.% In 1989, F. Lopez Arbeloa et al. studied the aggregation of Rhodamine 19
in both aqueous and ethanolic solutions. In aqueous solution, as the concentration of
Rhodamine 19 was increased from micromolar to twenty micromolar, the aggregation
resulted in hypsochromic shifts in the absorbance spectra. In ethanol, bathochromic
shifts in the absorbance scans were observed under acidic conditions and under neutral

conditions when the concentration was increased from micromolar to millimolar.1- 2
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Figure 2.2: Hypsochromic Shift. An Example of a Hypsochromic Shift in the
Absorbance Spectrum of a Dye Upon Aggregation.

B. Exciton Splitting in Rhodamine Dimers
In 1964, A.S. Davydov developed the theory of molecular excitons for molecular

crystals. His theory described how the excited state would be split if two or more
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ground-state molecules interacted in a unit cell.?? The term “molecular exciton” refers to
an excited electron strongly bound to a specific molecule in a VVan der Waals aggregate.
If an aggregate consists of N molecules, then the excited state will be split N times. If
two ground-state rhodamine monomers were to interact, then their degenerate excited
singlet states would experience a resonance splitting into two levels: one exciton singlet
state would be below the excited singlet state of the monomer and the other exciton
singlet state would be higher than that of the monomer. Typically, only one electronic
transition is allowed while the other transition is forbidden. The vector sum of the
transition dipoles must be used to determine which transitions are allowed and which are
forbidden. In-phase dipoles result in allowed transitions whereas out-of-phase dipoles
correspond to forbidden transitions because the transition dipole vector sum is zero, or
vanishing. In Figure 2.3a, the case of H-dimers (sandwich-type dimers) with parallel
transition dipoles is explored. The out-of-phase dipole arrangement represents an
electrostatic attraction (lower exciton singlet state S1”). However, since the transition
dipole vector sum is zero in this out-of-phase arrangement, this lower electronic
transition is forbidden. In contrast, the in-phase dipole arrangement represents repulsion
(higher exciton singlet state S1”), but this higher electronic transition is still allowed
because the vector sum is non-vanishing. The oscillator strength of the allowed transition
is 2f/dimer. Since the higher electronic transition is allowed, H-dimers are expected to
display blue/hypsochromic shifts (shorter wavelength/higher energy) in their absorbance
scans. In Figure 2.3Db, the case of J-dimers with in-line transition dipoles will be
explored. The out-of-phase dipole arrangement represents repulsion (S:”) and is
forbidden because the vector sum is zero. The in-phase dipole arrangement represents an
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electrostatic attraction (S1”) and is allowed because the vector sum is non-vanishing. The
oscillator strength of this allowed transition is also 2f/dimer. Since the lower electronic
transition is allowed, J-dimers are expected to display red/bathochromic shifts (longer
wavelength/lower energy) in their absorbance scans. Dimers with intermediate
geometries are expected to have non-vanishing transition moments for both electronic
transitions. A careful inspection of Figures 2.3a and 2.3b reveals that H-dimers are
nonfluorescent while J-dimers are fluorescent. Figure 2.3c explains why H-dimers are
nonfluorescent. In the case of H-dimers, an electronic transition to the higher exciton
singlet state (S1”) is followed by rapid internal conversion to S1’. Since transitions
to/from the Sy’ state are forbidden for H-dimers, the intersystem crossing becomes the
only deactivation pathway available for the dimer. After the intersystem crossing,
phosphorescence occurs. In summary, for H-dimers, there is an enhancement of the
triplet state excitation and phosphorescence at the expense of the fluorescence. In the
case of J-dimers, transitions to/from the Si’ state are allowed, so fluorescence can still

occur.2% 2
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Figure 2.3: Exciton Splitting in H-dimers (a), Exciton Splitting in J-dimers (b), and
Quenching of Fluorescence in H-dimers (c). Allowed transitions are depicted as black
lines while forbidden transitions are depicted as red dashed lines. Radiative transitions
are depicted as black solid lines whereas non-radiative transitions are depicted as black
dotted lines.

C. Fluorescence Properties of Rhodamine Dimers

In 1988, F. Lopez Arbeloa et al. studied the fluorescence quenching of
Rhodamine 6G in concentrated ethanolic solutions. It was found that dimers and trimers
were responsible for the pronounced fluorescence quenching.? In 1989, F. Lopez
Arbeloa et al. studied the fluorescence quenching of different molecular forms of
Rhodamine B in both aqueous and ethanolic solutions. It was determined that the

fluorescence quantum yield of Rhodamine B was higher in ethanol than in water and that
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higher concentrations in ethanol were required to observe fluorescence quenching.
However, once the fluorescence quenching was reached in ethanol, then the fluorescence
quenching in ethanol became more pronounced than in water.?® In 1991, Klaus Kemnitz
and Keitaro Yoshibara studied the dimerization of xanthene dyes in nonpolar solvents as
a function of solvent, dye concentration, temperature, and nature of the counteranion.
The researchers determined that the stacking of xanthene dyes in nonpolar solvents was
entropy-driven. They also established other interesting trends. TCSPC measurements
indicated that the extent of dimerization increased with temperature. The authors
speculated that non-fluorescent H-dimers competed with fluorescent J-dimers. At high
temperatures, the fluorescent J-dimers were dominant over the nonfluorescent H-dimers.
Dark H-dimers would not contribute to the decay kinetics while fluorescent J-dimers
would manifest as really short lifetime components on the order of hundreds of
picoseconds. Therefore, the TCSPC decay curves became more quenched with increasing
temperature and concentration. Another important contribution was the nature of the
counteranion. It was found that small counteranions like chloride enhanced the stacking
of Rhodamine 6G more than larger counteranions like perchlorate. Last but not least, it
was observed that zwitterionic rhodamines like Rhodamines B and 101 had smaller
extents of dimerization.?” In 2003, Jordi Hernando et al. studied the photophysics of a
dimer of tetramethylrhodamine-5-isothiocyanate (5-TRITC). Bulk absorption of TRITC:
in polar solvents revealed H-dimers. However, the excitation scans of TRITC: in polar
solvents almost perfectly overlapped with the absorbance spectra of the monomer
TRITC. Those ensemble absorbance and fluorescence measurements indicated two
populations of dimers: strongly-coupled nonfluorescent H-dimers and weakly-coupled
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fluorescent dimers. Fluorescence confocal scanning microscopy combined with
polarization-sensitive detection determined two subpopulations within the weakly-

coupled dimers: extended and gauche conformations.?

D. Applications of Rhodamine Dimers

Rhodamine dimers have been used for many interesting applications over the
years. In 1996, Packard et al. designed and synthesized protease substrates whose
cleavage sites were doubly labeled with xanthene dyes forming H-dimers. When serine
proteases such as elastase were added, the substrates were cleaved resulting in disruptions
of the H-dimers. The disruptions of the H-dimers could be monitored with both
absorbance and fluorescence techniques. Upon cleavage of the substrates, the diminution
of the H-dimer absorption band could be observed. Furthermore, substantial
enhancements of the fluorescence intensity (at least an order of magnitude) were
measured. In an interesting biological application, Packard was able to monitor
intracellular elastase activity of promyelocytic leukemic cells of the HL-60 line by
incorporating these doubly-labeled substrates into the HL-60 cells and recording the
concomitant increases in fluorescence intensity with a fluorescence microscope.?® In
2002, Blackman et al. studied malarial protease substrates doubly labeled with 5- or 6-
isomers of iodoacetamidotetramethylrhodamine (IATR). Their goal was to develop a
fluorescence-based assay for proteolysis. When the doubly-labeled substrates were
digested with proteases like Pronase, reductions of the H-dimer absorption peaks and
concomitant 30-fold enhancements of the fluorescence intensity were recorded.
Frequency-domain lifetime measurements indicated that the doubly-labeled substrates
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had two lifetime components. One lifetime component was around 2.4 ns and the other
lifetime component was subnanosecond (on the order of hundreds of picoseconds). The
shorter lifetime component was attributed to the rhodamine dimers. The presence of the
longer lifetime component suggested that a significant fraction of the doubly labeled
interfaces did not result in H-dimers suggesting an equilibrium between monomer and
dimer rhodamine states. When the doubly-labeled substrates were cleaved with Pronase,
single exponential decays were obtained with a lifetime of around 2.4 ns.*°

In 1999, Gakamsky et al. studied the class | major histocompatibility complex
(MHC-I) protein assembly using a xanthene-derivatized f2-microglobulin. The .-
microglobulin was singly labeled with Texas Red. When absorbance scans of fom-TR
were compared with those of free TR sulfonate, pronounced blue-shifted bands were
observed in f2m-TR. Since f2m-TR was only singly-labeled, protein oligomerization
was speculated to result in dye oligomerization. However, four methodologies reduced
the H-dimer absorption band: the addition of urea to f2m-TR, the heating of fom-TR at
37°C, the dilution of p2m-TR, and the incorporation of Bm-TR into MHC-1 and a
peptide to form a ternary complex. Fluorescence measurements of fm-TR confirmed
the suspicions of dye oligomerization. Both the excitation and emission spectra of f2m-
TR were inhomogeneous (dependence on excitation and emission wavelength).
Furthermore, the excitation spectrum of f2m-TR had both blue-shifted and red-shifted
bands suggesting that the dye oligomerization resulted in intermediate geometries
between that of H-dimers and J-dimers. However, when f2m-TR was incorporated into

that ternary complex, both the excitation and emission spectra became homogeneous.
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In 2009, Ogawa et al. used the concept of H-dimers to develop fluorescence
activatable probes for in vivo optical molecular imaging. Proteins such as avidin and
trastuzumab were conjugated with rhodamines. A high local dye proximity on the
proteins led to H-dimer formation. The protein conjugates of these rhodamines bound to
the antigens and receptors on cancer cells’ surfaces. The protein complexes were
internalized within lysosomes which degraded the protein complexes. Digestion of the
protein complexes resulted in disruptions of the H-dimers and concomitant activation of
the fluorescence intensity. The proof of the concept was demonstrated with both in vitro
and in vivo fluorescent microscopy studies in cancer cells. For the in vivo studies,
ovarian tumors in mice were imaged. For these experiments, various rhodamines were
tested. It was found that protein conjugates of TAMRA had the greatest tendency to form
H-dimers while the protein conjugates of sulfonated Alexa Fluor 488 showed no signs of
ground-state dimerization in the absorbance scans. Therefore, the protein conjugates of
TAMRA displayed low background fluorescence whereas the protein conjugates of Alex
Fluor 488 displayed high background fluorescence.?

In 2014, Jennifer K. Binder et al. studied the stability and oligomerization
dynamics of DNA processivity clamps like the homodimeric Escherichia coli B clamps
and the homotrimeric Saccharomyces cerevisiae proliferating cell nuclear antigen
(PCNA) clamps. Ensemble and single-molecule fluorescence techniques were used to
study these clamps. The B clamps singly-labeled and doubly-labeled at the interfaces
with TMR were referred to as B-TMR1 and B-TMR: respectively. The PCNA clamps
singly-labeled at the interfaces with TMR were referred to as PCNA-TMR1. FCS
measurements of B-TMR1 and PCNA-TMR: were performed in order to calculate the
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equilibrium and kinetic parameters for the dissociation equilibria of f and PCNA clamps.
The diffusion times obtained from FCS measurements at different protein concentrations
indicated protein oligomerization. Additional FCS measurements of B-TMR1 and PCNA-
TMR performed at different incubation times indicated that the homotrimeric PCNA
clamp was less stable than the homodimeric 8 clamp. However, if 1 M NaCl was added
to B-TMRy, then rapid dissociation to monomers was observed suggesting that the
electrostatic interactions holding the f clamp dimer together were interrupted by the high
ionic strength. Ensemble TCSPC decay curves of B-TMR1 displayed only two lifetime
components: 2.7 ns and 1.1 ns. The first lifetime component 2.7 ns corresponded to the
literature values for the fluorescence lifetime of TMR. The second lifetime 1.1 ns was
attributed to the protein environment of the TMR probe. In contrast, ensemble TCSPC
decay curves of B-TMRzdisplayed a third short lifetime component on the order of
hundreds of picoseconds. This subnanosecond lifetime component was attributed to the
H-dimers of TMR at the doubly-labeled interfaces. The kinetics of subunit exchange
were studied by mixing B-TMR2 with unlabeled wild-type  clamps and performing
TCSPC measurements of these subunit-exchanged p-TMR2 at different incubation times.
From the kinetics of subunit exchange, the lifetime of the B clamp dimer at room
temperature in 50 mM NaCl buffer was found to be 43 + 3 hours. The equilibrium
dissociation constant Kq for the B clamp was estimated to be between 6.5-65 pM.
Dissociation of B-TMR:at the single-molecule level was also studied. After an
incubation time of eight hours, more bursts of fluorescence were detected suggesting that
a significant fraction of the 8 clamp dimers had dissociated into monomers with a
concomitant disruption of the H-dimers and an activation of the fluorescence.
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In 2017, Anirban Purohit et al. used the same ensemble and single-molecule
fluorescence techniques to study the electrostatic interactions that hold the  clamp
dimers together. It was found that the mutation of a charged amino acid residue (Arg-
103) at the interface weakened the interface whereas the mutation of a hydrophilic (Ser-
109) and a hydrophobic reside (lle-305) did not weaken the interface. FCS
measurements did not indicate conformational fluctuations at the interface that would aid

the binding of clamp loader.3

2.3 BODIPY Monomers

Boron-dipyrromethene (BODIPY) dyes cover a wide portion of the visible
spectrum (500 nm to 650 nm). BODIPYs are nonpolar, have small Stokes shifts, and are
electrically neutral. Because of their electrical neutrality, BODIPY dyes are poorly suited
for specific binding to biological macromolecules.® The first synthesis of BODIPY dyes
is often attributed to Boyer and colleagues. They reported high extinction coefficients
and large fluorescence quantum yields for the novel BODIPYs in ethanol.® In 1994,
Karolin et al. reported long fluorescence lifetimes (5-6 ns) and large fluorescence
quantum yields (¢ > 0.8) for various BODIPYS in various organic solvents.® In 1999,
F. Lopez Arbeloa et al. noted the high extinction coefficients, large fluorescence quantum
yields, and large fluorescence lifetimes of BODIPY in various organic solvents.®” 3 The
structure of the basic BODIPY core is shown in Figure 2.4a. The BODIPY dye used in
the publication “Structural Implications on the Properties of Self-Assembling
Supramolecular Hosts for Fluorescent Guests” described in Chapter 3 will be referred to
as compound 6. Compound 6’s real name is 1,3,5,7-tetramethyl-2,6-diethyl with
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phenylbipyrromethene difluoroborate. The structure of compound 6 is depicted in Figure

2.4b. It should be noted that the phenyl group is at the meso position.

Figure 2.4: Structure of BODIPY core (a) and compound 6 (b).

In 2001, Liang et al. described the synthesis, absorbance properties, and
fluorescence properties of compound 6 and other novel BODIPY dyes. Large
fluorescence quantum yields were reported for the novel BODIPY dyes including
compound 6 in ethanol.** In 2006, Réhr et al. reported large fluorescence quantum yields
(between 0.8 and 0.9) and long fluorescence lifetimes of around 5 ns for compound 6 in
organic solvents such as acetonitrile and hexane.*® It was found that the presence of the
phenyl group in compound 6 increased the photostability of the BODIPY dye and that
compound 6 displayed strong fluorescence in organic solvents.*%: 42 X-ray diffraction
studies of BODIPY dyes very similar in structure to that of compound 6 indicated that the
meso-phenyl ring is nearly perpendicular to the BODIPY moiety due to steric factors
when substituents are present at the 1 and 7 positions.*> ¢ Based on the experimental
trends observed with the rhodamine dyes, it is reasonable to speculate that the
perpendicular phenyl ring will have a negligible impact on BODIPY’s conjugated n-
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electron system. In fact, fluorescence studies of BODIPY dyes with meso-phenyl rings
but no substituents at positions 1 and 7 revealed very low fluorescence quantum yields
and very low fluorescence lifetimes. Bahaidarah et al. speculated that rotation of the
meso-phenyl ring caused the dipyrrin core to buckle leading to enhanced radiationless
decay and that the placement of substituents at positions 1 and 7 prevented the rotation of

the meso-phenyl ring.*°

2.4 BODIPY Dimers

In 2002, Mikhalyov et al studied the absorbance and fluorescence properties of
mono- and bis-BODIPY labeled diaminocyclohexane. When bis-BODIPY was dissolved
in mixtures of methanol and water, a blue-shifted absorption band manifested. The
magnitude of this band increased with increasing water, and the fluorescence intensity
decreased. These experimental observations were consistent with the formation of
nonfluorescent ground-state H-dimers. The absorbance and fluorescence properties of
mono-BODIPY labelled oleoyl glyceride in pure solvents and solvent mixtures revealed
the existence of another ground-state dimer similar to that of a J-dimer with red-shifted
absorption.*® In 2006, Marushchak et al. did a more thorough photophysical study with
these mono- and bis-BODIPY labeled diaminocyclohexane. The fluorescence lifetimes
of these mono- and bis-BODIPY's were measured in pure organic solvents and organic
solvent/water mixtures at different emission wavelengths. The TCSPC decay curves of
the mono-BODIPY's were monoexponential, but the bis-BODIPYs’ decay curves were
multi-exponential with 3-4 lifetime components. Furthermore, as the content of water
increased and as the wavelength of the collected emission increased, the contribution of
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the shortest lifetime component grew. The authors attributed these trends to the
formation of BODIPY excimers (excited state dimers) in the presence of water. Since
excimers typically have short fluorescence lifetimes and red-shifted emission, the
contribution of excimers to the TCSPC decay curve grew as the wavelength of collected
emission was increased with a concomitant shortening of the average fluorescence
lifetime.* In 2006, Rohr et al. synthesized bichromophoric dimers of BODIPY
connected by a disulfide bridge between the two meso-phenyl rings. The positions of the
disulfide bridge were varied from the ortho to the para position. When TCSPC
measurements were performed in polar and weakly polar organic solvents, the para-
substituted analogues were found to have only one fluorescence lifetime distribution.

The ortho-substituted analogies also displayed only one fluorescence lifetime distribution
in weakly polar solvents. However, in polar solvents, the ortho-substituted analogues
displayed two lifetime distributions. The first lifetime distribution was similar to that of
para-substituted analogues and the ortho-substituted analogues in weakly polar solvents
while the second lifetime distribution was very short. The authors attributed the long and
short fluorescence lifetimes of the ortho-substituted analogues to elongated and sandwich
geometries respectively.®® In 2015, Bell et al. studied the encapsulation of BODIPY dyes
in polynorbornene micelles. They found that BODIPY dyes formed nonfluorescent
ground-state H-aggregates in organic solvent/water mixtures as evidenced by the
appearance of a blue-shifted absorption peak. X-ray diffraction studies confirmed
antiparallel stacking. Interestingly, the presence of polynorbornene micelles in the
organic solvent/water mixtures established a partition equilibrium between the aqueous
phase and the polymer. Over time, a diminution of the H-dimer absorbance peak and
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concomitant increases in the fluorescence intensity were observed suggesting that the
aqueous H-aggregates were incorporated into the polymeric micelles and disassociated

into monomeric dyes.*8

2.5  The Connection Between Research Projects Described in Chapters 3 and 5

Chapter 3 details a spectroscopic investigation of the photophysics of BODIPY
dyes noncovalently encapsulated inside polymeric micelles. Chapter 3 isalso a
Langmuir publication “Structural Implications on the Properties of Self-Assembling
Supramolecular Hosts for Fluorescent Guests.” The permission to use this publication as
a chapter in my thesis has been granted by the publisher and co-authors. Their
permission is displayed in Appendix A.

Chapter 4 is the Supporting Information section for “Structural Implications on
the Properties of Self-Assembling Supramolecular Hosts for Fluorescent Guests.”

Chapter 5 details a spectroscopic investigation of the interchromophoric
interactions at the doubly-labeled interfaces of E. coli DNA Processivity p clamps for
four rhodamine dyes: TMR, TMR C6, Alexa Fluor 546, and Alexa Fluor 488.

Chapter 6 1s the Supporting Information section for the § clamp project.

As one can see, both Chapters 3 and 5 study the photophysics of BODIPY dyes
and rhodamine dyes when they are in close proximity to each other. Understanding
interchromophoric interactions is very important. Sometimes over-labeling of biological
macromolecules with fluorophores can result in artifacts in both the absorbance and
fluorescence properties. Understanding the signatures of BODIPY aggregates and
rhodamine aggregates will help identify the artifacts in one’s measurements.
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CHAPTER THREE
LANGMUIR
“STRUCTURAL IMPLICATIONS ON THE PROPERTIES OF SELF-

ASSEMBLING SUPRAMOLECULAR HOSTS FOR FLUORESCENT GUESTS”
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Abstract: Nine amphiphilic macromolecules with decyl and oligo(ethylene glycol) side
chains, randomly distributed along a common poly(methacrylate) backbone, were
synthesized from the radical co-polymerization of appropriate methacrylate monomers.
These resulting amphiphilic constructs differ in (1) the ratio between their hydrophobic
and hydrophilic components, (2) the length of their oligo(ethylene glycol) chains and/or
(3) the molecular weight. When the ratio between hydrophobic and hydrophilic segments
is comprised between 6:1 and 1:2, the macromolecules assemble spontaneously into
particles with nanoscaled dimensions in neutral buffer and capture hydrophobic
borondipyrromethene chromophores in their interior. However, the critical concentration
required for the assembly of these supramolecular hosts as well as their hydrodynamic
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blocks all vary monotonically with the ratio between hydrophobic and hydrophilic
components. Specifically, the critical concentration decreases and the other three
parameters increase as the relative hydrophobic content raises. Furthermore, an increase
in the relative hydrophobic content also discourages interchromophoric interactions
between entrapped guests in both ground and excited states as well as delays access of
potential quenchers. In fact, these observations demonstrate that the hydrophobic
components must be in excess over their hydrophilic counterparts for optimal
supramolecular hosts to be assembled. Indeed, a ratio of 6:1 between the numbers of
decyl and oligo(ethylene glycol) side chains appears to be ideal for this particular
structural design. Under these conditions, supramolecular hosts assemble spontaneously
even at relatively low polymer concentrations and their fluorescent guests do not escape
into the bulk aqueous solution, despite the reversibility of the noncovalent interactions
holding the supramolecular container together. Thus, these systematic investigations
provide invaluable structural guidelines to design self-assembling supramolecular hosts
with optimal composition for the effective encapsulation of fluorescent guests and can
lead to ideal delivery vehicles for the transport of imaging probes to target locations in
biological samples.
Introduction

The covalent incorporation of hydrophobic and hydrophilic components within
the same macromolecular skeleton results in the formation of amphiphilic polymers.%->2
In aqueous solutions at appropriate concentrations, these macromolecules can assemble
into particles with nanoscaled dimensions. Noncovalent contacts between the
hydrophobic domains of independent polymer chains bring multiple macromolecular
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components together in the form of discrete nanoparticles to avoid their direct exposure
to water. Concomitant solvation of the hydrophilic counterparts ensures the dispersion of
the resulting supramolecular assemblies in the aqueous medium and prevents their further
association into large aggregates. In the process of assembling, the amphiphilic
components can capture hydrophobic molecules and position them in the interior of the
nanostructured assemblies. Once encapsulated, the molecular guests can be transported
by their supramolecular host across hydrophilic environments. In fact, the unique
properties of self-assembling nanoparticles of amphiphilic polymers can be exploited to
transfer, otherwise insoluble, molecules into aqueous phases and carry them across
physiological media to target locations in biological specimens. Indeed, these
supramolecular constructs are becoming invaluable vehicles for the delivery of contrast
agents and/or drugs in a diversity of diagnostic and/or therapeutic applications.>3®
Self-assembling nanoparticles of amphiphilic polymers can capture hydrophobic
chromophores in their interior and transfer them into water.>” The supramolecular host
around the encapsulated molecular guests protects them from the aqueous environment
and, generally, preserves their photochemical and photophysical properties. In fact, this
strategy permits the modular assembly of supramolecular constructs with multiple
chromophoric subunits in close proximity and the engineering of photoresponsive
systems with properties that would not be possible to replicate with the individual
chromophoric components on their own.%®"® In our laboratories, we followed similar
experimental protocols to encapsulate fluorescent, photochromic and/or photocleavable
guests inside such supramolecular hosts.”®# We demonstrated that the photochemical
and photophysical properties of the entrapped species can be exploited to (1) modulate
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fluorescence inside living cells with optical control,” (2) image the resulting
nanostructured constructs with subdiffraction resolution,®8 (3) monitor their ability to
exchange their constituent components in the intracellular space® &8 and (4) probe their
dynamics within hydrogels or developing embryos in real time.® In all these
experiments, however, we relied exclusively on one structural design for the self-
assembling amphiphilic building blocks. Specifically, we synthesized a
poly(methacrylate) backbone with a random distribution of decyl and oligo(ethylene
glycol) side chains. This particular polymer forms supramolecular hosts with fast
kinetics in neutral buffer that are capable of entrapping a diversity of hydrophobic guests
and transport them from the extracellular into the intracellular space. Such behavior is a
consequence of the amphiphilic character engineered into the macromolecular construct,
which, in turn, is related to the relative amount of hydrophobic and hydrophilic chains as
well as to their lengths. In principle, the modification of these parameters should (1)
have an influence on the ability of the amphiphilic components to associate, (2) control
the physical dimensions and stability of the resulting supramolecular hosts, (3) dictate the
nature of the environment surrounding the entrapped guests and their exposure to the
aqueous phase as well as (4) affect the cellular uptake and intracellular localization of the
nanocarriers and their cargo. Thus, a systematic investigation of the influence that the
structural design of the individual amphiphilic building blocks can have on the properties
of the corresponding nanoparticles can provide fundamental insights on these fascinating
supramolecular systems and, possibly, guide the optimization of these promising delivery
vehicles. On the basis of these considerations, we envisaged the possibility of
synthesizing homologous series of macromolecules, differing in their amphiphilic

45



character, and investigating their ability to form supramolecular hosts for fluorescent
guests in aqueous solutions. In this article, we report the preparation and structural
characterization of these polymers together with spectroscopic investigations of their
assembly into nanostructured hosts for borondipyrromethene (BODIPY) guests.

Results and Discussion
Design, Synthesis and Structural Characterization. Macromolecules 1 and 2 (Figure
3.1) incorporate a random distribution of hydrophobic and hydrophilic components along
a common poly(methacrylate) backbone. They differ in the number of repeating units
integrated within their oligo(ethylene glycol) chains (I in Figure 3.1). They were
prepared by the radical co-polymerization of 3 and either 4 or 5, under the influence of
azobis(i-butyronitrile) (AIBN), in tetrahydrofuran (THF). In both instances, various
amounts of 3 (0.05-3 mmol) were reacted with fixed aliquots of either 4 or 5 (0.5 mmol)
and AIBN (0.03 mmol) at 75 °C for 3 days to produce polymers (1a, 1b, 1d-f or 2a—c in
Table 3.1) with a ratio between hydrophobic and hydrophilic components (m:n in Figure
3.1) ranging from 8:1 to 1:3. For each macromolecule, m:n was estimated from the
integrals of the resonances associated with the terminal methyl protons of the side chains
in the corresponding H nuclear magnetic resonance (NMR) spectrum. As an example,
the *H NMR spectrum (Figure 3.2) of 1b, recorded in deuterated chloroform, shows
peaks at 0.88 and 3.39 ppm for the protons of the methyl groups at the termini of the
hydrophobic and hydrophilic chains respectively with relative intensities corresponding
to a m:n ratio of 4:1. Furthermore, the spectrum does not reveal any signals at chemical

shifts greater than 5.0 ppm, where olefinic protons are expected to resonate, indicating
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that any unreacted methacrylate monomers are effectively separated from the

corresponding polymer in the purification steps.

n
THF
511 o }lt
& e

3 Me Me
Figure 3.1: Synthesis of 1 or 2 from 3 and 4 or 5 respectively.

Table 3.1: Structural parameters associated with 1a—f and 2a—c.

m:n [a] M [b] PDI [b] D [c] Ws [d] Is [c] Nwm [e] Cc [f]
(kDa) (nm) (kDa) (ng mL-
Y
la 6:1 19 1.28 36 1130 0.24 59 7.5
1b 4:1 21 1.32 26 580 0.25 26 16.7
1c 4:1 81 111 20 716 0.27 8.8 7.1
1d 1:1 21 1.16 10 53 0.51 25 19.3
le 1:2 17 1.16 7 23 0.88 1.3 76.8
1f [g] 1:3 22 1.23 6 16 0.55 0.7 —
2a [h] 8:1 23 1.14 — — — — —
2b 31 19 1.26 14 109 0.24 5.7 12.9
2c 1:1 19 1.16 11 88 0.32 4.6 9.5

[a] The ratio (m:n) between the hydrophobic and hydrophilic components of each
macromolecule was determined by *H NMR spectroscopy in CDCls. [b] The average
number molecular weight (Mn) and polydispersity index (PDI) of the macromolecules
were determined by GPC in THF against monodisperse polystyrene standards (2,700—
200,000, ref.®®). [c] The hydrodynamic diameter (Dn) and “supramolecular"
polydispersity index (ls) of the nanoparticles were determined by DLS in PBS (ref.%).
[d] The average "supramolecular" weight (Ws) of the nanoparticles was determined by
SLS in PBS. [e] The number (Nm) of macromolecules per nanoparticles is the ratio
between Ws and M. [f] The critical concentration (Cc) was determined by emission
spectroscopy in PBS and the presence of 6. [g] 1f is not able to solubilize 6 in PBS and
the corresponding C. could not be determined. [h] 2a is not soluble in PBS and the
corresponding D, Ws, Is, Nm and C. could not be determined.
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Figure 3.2: 'H NMR spectrum (400 MHz, CDCls, 25 °C) of 1b.

Gel permeation chromatography (GPC) of THF solutions of 1a, 1b, 1d—f and 2a—
c indicates their number-average molecular weight (M, in Table 3.1) to range from 17 to
23 kDa with a polydispersity index (PDI in Table 3.1) varying from 1.14 to 1.32.9%%2 In
order to assess the influence of My on the ability of the amphiphilic macromolecules to
form nanoparticles (vide infra), 3 and 4 were reacted in the presence of a tenth of the
original amount of AIBN, under conditions otherwise identical to those employed for the
preparation of 1b, to generate 1c. The m:n of both polymers is 4:1, but the M, of 1b is
only 22 kDa while that of 1c is 81 kDa.

All macromolecules readily dissolve in aqueous solution with the exception of 2a.
This particular polymer has a m:n of 8:1 in conjunction with a | of 12. Therefore, it is the
amphiphilic construct with the most pronounced hydrophobic character out of the nine
macromolecules investigated. Dynamic light scattering (DLS) measurements (Figures
4.1 and 4.2) on phosphate buffer saline (PBS) solutions of the other eight polymers, at a
concentration of 0.5 mg mL?, indicate the hydrodynamic diameter (D in Table 3.1) to

range from 6 to 36 nm with a polydispersity index (ls) varying from 0.24 to 0.88.9%-
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Interestingly, Dn increases linearly with m:n for 1 (Figure 3.3) and remains
approximately constant for each polymer solution, maintained in the dark at ambient
temperature, over the course of up to 4 days (Figure 4.3). A similar trend is observed
also for the Dy of 2, which drops from 14 to 11 nm with a decrease in m:n from 3:1 to
1:1. These results demonstrate that the hydrophobic character of these amphiphilic
constructs controls their ability to aggregate into nanostructured particles in aqueous
solution and that the physical dimensions of the resulting supramolecular assemblies
increase with the relative content of hydrophobic components. Consistently, static light
scattering (SLS) measurements reveal that the "supramolecular" weight (Ws in Table 3.1)
of the resulting assemblies also increases monotonically with m:n (Figure 3.3) to range
from 16 to 1130 kDa for 1. The ratio between Ws and M, for each polymer suggests that
the average number (Nwm) of amphiphilic components in each nanostructured assembly
varies from 2.5 to 59 and, yet again, increases monotonically with m:n. For 1e and 1f,
however, Ws and M, are almost identical, indicating that these particular polymers remain
isolated in aqueous solution instead of assembling into supramolecular aggregates. In
fact, they are significantly more hydrophilic than any of the other macromolecules with
m:n of 1:2 and 1:3 respectively.
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Figure 3.3: Dependence of Dy and Ws on m:n for 1a, 1b and 1d-f (0.5 mg mL™?) in PBS
at 22 °C.
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Comparison of 1b and 1c, which have the same m:n but different My, shows
minor differences in Dy and Ws but a significant change in Nm. Up to 26 independent
macromolecules are required on average to form a single nanoparticle of 1b, while only
8.8 are sufficient for 1c. Thus, the elongation of the macromolecular backbone of the
individual amphiphilic building blocks reduces the number of separate components
needed for the noncovalent assembly of one nanoparticle.

Noncovalent Encapsulation of Fluorescent Chromophores. The absorption and
emission spectra of 6 in THF (Figure 3.4) show maxima at 524 and 536 nm respectively.
Essentially the same bands are observed also if 6 is combined with appropriate amounts
of la—e, 2b or 2c in PBS (Figure 3.4). In fact, the wavelengths (Aap and Aem in Table 3.2)
of the absorption and emission maxima detected in aqueous media, with the amphiphilic
macromolecules, remain close to those measured in organic solution, without the
polymers. However, the amount of polymer required to enable the spectroscopic
detection of the, otherwise insoluble, chromophore in PBS changes with the amphiphilic
character of the macromolecular construct. For example, the emission intensity (Figure
3.5), detected after treating a fixed aliquot of 6 with PBS solutions containing increasing
amounts of either 1a or 1d, raises abruptly above a critical concentration (Cc in Table 3.1)
of either 7.5 or 19.3 pug mL* respectively. These observations suggest that the
amphiphilic macromolecules form supramolecular hosts, capable of capturing the
fluorescent guests and allowing their detection in the aqueous phase, only at
concentrations greater than the corresponding Cc. In agreement with this interpretation,
DLS measurements (Figure 3.5) show that Dy increases by one order of magnitude as the
concentration of either 1a or 1d raises above the corresponding Cc. Interestingly,
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comparison of the C¢ values determined with this protocol for 1a, 1b, 1d and 1e clearly
indicates that this parameter increases with a decrease in m:n. Specifically, C. varies
from 7.5 to 76.8 ug mL* with a change in m:n from 6:1 to 1:2 (Table 3.1), suggesting
that the hydrophobic content of the macromolecular constructs controls their ability to
aggregate into supramolecular hosts for 6. In fact, even relatively large concentrations of
1f, which is the polymer with the most pronounced hydrophilic character, cannot
solubilize the fluorescent chromophore in agueous environments to allow its detection.

In agreement with this interpretation, the stability of the nanocarriers and their ability to
retain their fluorescent cargo also appear to vary with m:n. At concentrations greater than
the corresponding Cc in PBS, the emission intensity detected for 6 in the presence of 1a
remains constant for hundreds of minutes (Figure 4.4), while it gradually decreases over
time in the presence of 1e. Thus, nanocarriers of the polymer with a predominant
hydrophobic character (i.e., 1a) retain their integrity and hold their cargo in the aqueous
phase, while nanoparticles of the macromolecules with a predominant hydrophilic
character (i.e., 1e) slowly lose their fluorescent guests with a concomitant decrease in the
emission intensity.
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Figure 3.4. Normalized absorption and emission (Aex = 500 nm) spectra of either 6 (1 pM)
in THF or nanoparticles of 1a (0.5 mg mL™?), containing 6 (0.34 uM), in PBS recorded at
25 °C.
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Table 3.2:  Photophysical parameters for 6 encapsulated within
nanoparticles of la—e, 2b and 2c [a].

Ao [D] Aem [b] N [c] ¢ [d] Ksv [€]

(nm) (nm) (M9
la 526 538 0.63 (5.28) 0.59 72
1b 525 539 0.20 0.60 56
lc 525 538 0.47 0.72 —
1d 525 537 0.02 0.39 29
le 526 539 0.005 (0.13) 0.09 8
2b 525 537 0.05 0.78 —
2c 525 539 0.04 0.73 —

[a] Absorption and emission spectra were recorded after combining CH2Cl>
solutions of 6 (0.1 mM, 1 uL for Aab, Aem, NG, ¢ and 10 pL for Ksyv) and one
of the polymers (2.5 mg mL™?, 0.2 mL), distilling the solvent off under
reduced pressure, dispersing the residue in PBS (1 mL) and passing the
resulting dispersion through a nanoporous membrane. The concentration
of 6 in the filtrate was estimated from the absorbance at Aab, using the molar
absorption coefficient measured for this compound in THF. That of the
polymer was 0.5 mg mL! in all instances. [b] The wavelengths of the
absorption (Aab) and emission (Aem) maxima were determined in PBS at 25
°C. In THF without macromolecules, Aap and Aem are 524 and 536 nm
respectively. [c] The average number (Ng) of fluorophores per nanoparticle
is the ratio between the molar concentrations of the molecular guests and
the supramolecular hosts (ref.3). The values listed in parenthesis for 1a and
1e were determined at the dye-loading (concentration of 6 = 2.3 uM) used
for the lifetime (Figure 3.7) and FCS (Figure 3.8) experiments. [d] The
fluorescence quantum yield (¢) was determined against a rhodamine 6G
standard. In the absence of the macromolecules, ¢ is 0.73 and 0.50 for 6
and 8 respectively in THF and it is 0.58 for 8 in PBS. [e] The Stern—VVolmer
constant (Ksy) was determined from plots (Figure 4.9) of the relative
emission intensity against the concentration of Nal in PBS at 25 °C. Under
the same conditions without the macromolecules, Ksy is 14 M for 8
(Figure 4.11).
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Figure 3.5: Plots of the emission intensity (Aex = 500 nm, Aem = 540 nm), recorded at 25
°C after combining CH2CI> solutions of 6 (0.1 mM, 0.1 mL) and either 1a or 1d (25 pg
mL™, 4-800 uL or 2.5 mg mL™?, 12-25 pL), distilling the solvent off under reduced
pressure, dispersing the residue in PBS (1 mL) and passing the resulting dispersion through
a nanoporous membrane, against the polymer concentration and statistical distribution of
D+ at the four concentrations indicated in the chart determined by DLS.

D, (nm) log ¢ (mgmL")

Samples for the spectroscopic measurements (Table 3.2 and Figure 3.4) were
prepared by combining aliquots of dichloromethane solutions of 6 and one of the
amphiphilic polymers, distilling the organic solvent off under reduced pressure,
dispersing the residue in PBS and filtering the resulting dispersion through a nanoporous
membrane. In these particular experiments, the amount of fluorescent guest in the initial
organic solution was 0.08% w/w, relative to the corresponding amphiphilic
macromolecule. However, only a fraction of the water-insoluble fluorophores is captured
by the water-soluble macromolecules and transported into the aqueous phase.
Nonetheless, the concentration of 6 in the final solutions can be determined from the
absorbance at the corresponding Aab, using the molar absorption coefficient measured in
THF, to estimate the average number (Ng in Table 3.2) of fluorescent guests per
supramolecular host. The resulting values of Ng range from 0.005 to 0.63 for 1a—d, 2b

and 2¢.%® These particular loading conditions ensure a relatively high fluorescence
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quantum vyield (¢ in Table 3.2). Indeed, ¢ varies from 0.39 to 0.78 and, in some
instances, approaches the value determined for 6 in THF (i.e., 0.78).

The behavior of 1e is instead significantly different. This particular polymer
has Ng and ¢ of only 0.005 and 0.09 respectively (Table 3.2) at identical loading
conditions.®® Presumably, the pronounced hydrophilic character of this amphiphilic
macromolecule limits the ability of the resulting supramolecular hosts to accommodate
fluorescent guests and to protect them from the surrounding aqueous environment. In
agreement with this interpretation, comparison of the dependence of the absorption and
emission spectra (Figure 3.6) on guest loading for 1a and 1e shows significant
differences. For the polymer with predominant hydrophobic character (i.e., 1a), the
characteristic BODIPY absorption grows with guest loading without shifting. The shape
of the spectrum recorded at low guest loading is identical to that observed in either THF
(Figure 3.4) or ethanol, indicating that 6 is present predominantly as a monomer inside
the nanoparticles. At higher concentrations, however, the absorption spectrum shows an
increase in the contribution of the shoulder at 495 nm. This trend is indicative of ground-
state dimerization of the BODIPY chromophore*® and is obvious from the bottom panel
of Figure 3.6, which plots the ratio between the absorbance values (Asgs and Asz7) at 495
and 527 nm as a function of guest loading. Ratios (Aags/Asz7) of 0.30 and 0.70 were
measured in ethanol and in an ethanol/water (1:10, v/v) mixture respectively (Figure 4.5).
The spectral characteristics of the dimer (i.e., high Asgs/As7 ratio) are evident even at low
guest loading for the macromolecule with predominant hydrophilic character (i.e. 1e).
Even more, the band shifts bathochromically at high guest concentrations (Figure 4.5),

indicating strong interchromophoric interactions that arise from exposure to the
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surrounding aqueous buffer. These interactions result in fluorescence self-quenching, as
evidenced by the significantly lower fluorescence intensity measured at large guest
concentrations (Figure 3.6) in 1e, but not 1a. Put together, these observations suggest
that the chromophores remain fairly isolated from each other within nanoparticles of 1a
at moderate loading ratios, but not at high loads where the Asgs/As>7 ratio shows signs of
aggregation. In the case of 1le, on the other hand, pronounced electronic interactions in
the ground state lead to changes in the absorption spectrum and depressive effects on the

radiative efficiency, even at the lowest guest concentration investigated in this study.
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Figure 3.6: Absorption and emission (Aex = 500 nm) spectra recorded at 25 °C after
combining CHClI> solutions of 6 (0.1 mM, volume indicated in the chart) and either 1a or
le (1 mg mL™, 0.5 mL), distilling the solvent off under reduced pressure, dispersing the
residue in PBS (1 mL) and passing the resulting dispersion through a nanoporous
membrane. Plots of the ratio (Ases/As27) between the absorbance values at 495 and 527 nm
in the spectra for 1a or le against the volume of the initial solution of 6. A value of 0.30
for Asgs/As>7 was measured in EtOH (monomeric BODIPY). Larger ratios indicate an

V(uL)

increasing contribution of the dimer.
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This conclusion is further supported by the results of time-correlated single
photon counting (TCSPC) experiments, which show lifetimes that are highly dependent
on guest loading and emission wavelength in the case of 1e, but not 1a. Two lifetimes
(5.1 and 1.9 ns) were needed to fit the fluorescence decays of 6 incorporated into 1a. The
longest lifetime is identical to the value measured in chloroform (5.1 ns) and its fractional
contribution decreases slightly with increasing guest concentration (a in Figure 3.7). The
fluorescence decays of 6 encapsulated inside 1e are significantly different. A third short
lifetime (<200 ps) is needed to fit the decays and the fractional contribution of this
component increases with guest loading and increasing emission wavelength (b in Figure
3.7 and Table 4.1). The same dependence on guest concentration was observed in
experiments with samples prepared independently containing different concentrations of
6, and with samples prepared using a high concentration of 6 that were subsequently
diluted with empty hosts. This result indicates that filled and empty hosts are able to
interact and exchange their cargo, thus redistributing the concentrated dye in a larger

number of hosts.
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Figure 3.7: Fluorescence intensity decays of 6 encapsulated within nanoparticles of either
la (aandc)and le (b and d) dispersed in PBS. Panels a and b show the effect of increasing
guest loading and panels ¢ and d show the effect of increasing emission wavelength. a: Aex
= 525 nm, Aem = 555 nm, concentration of 6 = 3.0 (blue), 1.9 (red) or 1.6 uM (black). b:
Aex = 525 nm, Aem = 555 nm, concentration of 6 = 2.3 (blue), 1.0 (red) or 0.5 uM (black).
C: Aex = 500 nm, concentration of 6 = 2.5 uM, Aem = 570 (blue), 550 (red) or 530 nm
(black). d: Aex =500 nm, concentration of 6 = 1.0 uM, Aem = 570 (blue), 555 (red) or 540
nm (black). Decays were fitted with a sum of exponentials (Table 4.1).

The same wavelength-dependent behavior observed with 6 encapsulated in 1e
was also observed in measurements of 6 dissolved in an ethanol/water (1:10, v/v) mixture
(Figure 4.6 and Table 4.1) and was also reported for a similar BODIPY in organic
solvent/water mixtures.*’ This trend is consistent with the formation of excimers, which
are formed when the hydrophobic chromophore is exposed to water. These

interchromophoric interactions occur to a greater extent in le than 1a, because the
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hydrophilic character of the former polymer limits the ability of the supramolecular host
to protect the fluorescent guests from the surrounding water molecules.

The difference between the environments that nanoparticles of 1a and 1e provide
to the encapsulated chromophores is also evident from their response to the presence of
quenchers in the surrounding aqueous medium. Specifically, the emission intensity of 6,
entrapped within nanocarriers of le at a guest loading of 1.9% wi/w, decreases to 57%
(Figure 4.9) after the addition of 4,000 equivalents of Nal, relative to the BODIPY guest,
and remains constant for hours. When 1a is employed in place of 1e, under otherwise
identical conditions, the emission intensity drops to 36% (Figure 4.9), immediately after
the addition of the quencher, and decreases further to a stationary value over the course of
tens of minutes. The same experiment performed in the absence of macromolecules with
a water-soluble analog of 6, in the shape of 8,% shows a behavior very similar to that
observed for 1e. The emission intensity decreases to 40% (Figure 4.9), but then remains
constant for hours. These observations suggest that the hydrophobic character of 1a
slows access of the iodide quenchers to the BODIPY fluorophores, delaying the time
required to reach a stationary state, but ultimately enhances quenching efficiency, leading
to a pronounced fluorescence decrease. Consistently, Stern—\Volmer plots, performed
with equilibrated solutions of nanoparticles of 1a, 1b, 1d and 1e, containing 6 at a guest
loading of 1.9% wi/w in the presence of increasing amounts of Nal, show linear
correlations (Figure 4.10) with a significant dependence of the slope on m:n. In
particular, the Stern-Volmer constant (Ksv in Table 3.2) increases from only 8 M~ for
the most hydrophilic polymer (i.e., 1€) to 72 M for the most hydrophobic
macromolecule (i.e., 1a).%°
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Fluorescence Correlation Spectroscopy. Fluorescence correlation spectroscopy (FCS)
measurements were carried out using nanoparticles of 1a and le, containing 6 at different
fluorophore/polymer ratios. Briefly, FCS is a technique that relies on the measurement of
the fluorescence intensity fluctuations of a small number of molecules contained in an
optically-restricted volume.®® %’ The temporal behavior of the measured fluorescence
fluctuations are analyzed by means of the autocorrelation function (G(t)), which contains
dynamic information of the different processes that give rise to the measured fluctuations.
Brownian motion is the main source of fluorescence fluctuations on the millisecond
timescale, under the experimental conditions used in this work.%® Therefore, the analysis
of the measured autocorrelation function yields the diffusion coefficient of the diffusing
particles (in this case the guest-filled supramolecular hosts). The autocorrelation function

of a solution containing N fluorescent species is described by:%

4Dp,T\*
L, NB? (1+205)

(ZIiV=1 NiBi)2

where 1 is the correlation lag time, ro is the radial semiaxis of the Gaussian observation

G(r) = (3.1)

volume, Ni is the average number of molecules of species i in the observation volume, B;
is their molecular brightness, and D; their diffusion coefficient. This equation assumes
that the volume is elongated in the axial direction (i.e., fluctuations in the axial direction
do not contribute to the autocorrelation function), which is the case of our experimental
setup.

For a single species (N = 1), the amplitude of the autocorrelation function (t =0
in Eq. 3.1) equals the inverse of the average number of particles (Go= (N)™*) present in

the observation volume (V), and is related to the average concentration of diffusing
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particles (C) as Go = (V Na C) %, where Na is Avogadro's number. A value of V = 7.4 fL
was obtained from the linear relationship between Go* and C using 0.1-100 nM solutions
of 6 in ethanol (inset in a of Figure 3.8). If species of different relative brightnesses are
simultaneously present in the observation volume (e.g., hosts containing different
amounts of guests), Go takes the form:

iNBE 1 (BY) 1%+

Go= SN B~ N) B Ne 12

(3.2)

Where c?and p are the variance and mean of the probability density function describing
the distribution of brightnesses. Therefore, the inverse of Go gives an apparent number of

particles that deviates from the true number of particles Nt by the factor (1 + a2 /u?)™.
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Figure 3.8: Plots of the inverse G, values, obtained from fitting all autocorrelation decays
to Eg. 1, against the concentration of 6. (a) The nanoparticles were prepared with the
highest guest concentration and were subsequently diluted with PBS buffer. (b) The
nanoparticles were prepared with the highest guest concentration and were subsequently
diluted with solutions of empty supramolecular hosts. Results for 1a and 1e are shown as
red and black circles respectively. The inset in panel a shows data measured for 6 in EtOH.
Lines in panel a are the result of linear regression. Lines in b are just visual guides.

Measurements with 6 incorporated into nanoparticles of either 1a or 1e resulted in
FCS amplitudes that appeared to be off by more than one order of magnitude with respect
to what was expected for a given concentration of dye (a in Figure 3.8). For example, the

FCS amplitude of a 1 uM solution of 6, encapsulated within nanoparticles of 1a, was the
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same as the amplitude measured with a 71 nM solution of 6 in ethanol. Taking into
account that the observation volume measured with solutions of 6 in ethanol was 7.4 fL,
and assuming that the distribution of guests follows a Poisson distribution and that the
brightness of each nanoparticle is proportional to the number of guests, these results
translate into an average number of guests per host of 13. This number is about five
times higher than the average number of fluorophores per nanoparticle expected from the
Ng values determined as the ratio between the molar concentrations of the molecular
guests and the supramolecular host (Table 3.2). This is somewhat expected given that the
absorption spectrum and fluorescence intensity decay of these nanoparticles already show
signs of some aggregation, so it is likely that the brightness of each particle is not truly
proportional to the number of encapsulated guests. The results of experiments with 6
incorporated into nanoparticles of 1e (a in Figure 3.8) show even greater deviations from
the values expected at a given concentration of dye. The ratio of the slopes of the
measurements with 1e and ethanol translates to 63 guests per host, which is implausible
in light of the spectroscopic results that suggest that 1e cannot accommodate fluorescent
guests efficiently because of its hydrophilic character. The shape of the fluorescence
intensity decay measured with these nanoparticles (b in Figure 3.7) suggests that the
distribution of brightnesses is very broad, and that a significant fraction of particles will
not be detected during data acquisition because of severe quenching. These two factors
contribute to an apparent number of particles that is significantly lower than that
measured with 1a (Eq. 3.2).

All autocorrelation decays could be fitted with one diffusion term (Eq. 3.1),
suggesting a narrow distribution of the nanoparticle dimensions consistently with the
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DLS measurements. In addition, the position of the autocorrelation function does not
change, when the samples are diluted sequentially using aqueous buffer (Figure 4.12).
These observations show that the amount of free guests in the aqueous buffer is
negligible. Significant amounts of free guests would give rise to a clear second faster
component in the autocorrelation function, provided that the partition equilibrium
between the nanocarriers core and the aqueous medium is slow compared with
diffusion.®® If the guest exchange is faster than the diffusion of either species, then the
two species cannot be resolved by FCS and an average diffusion coefficient is obtained
instead. In this case, the mean diffusion time is expected to increase with polymer
concentration, as the free guest partitions into the supramolecular hosts.®® These results
are consistent with the very low solubility of 6 in PBS, which was determined to be less
than 100 pM (Supporting Information), and with energy-transfer experiments,®” which
suggested that the hydrophobic chromophores do not separate from the amphiphilic
polymers to escape into the bulk aqueous solution.

The results of the FCS experiments are significantly different if solutions of filled
hosts are diluted with solutions of empty hosts, instead of buffer. In the experiments
discussed above, sequential dilutions with buffer do not change the guest/polymer ratio,
and because the hydrophobic chromophores are not soluble in the aqueous phase, the
average number of molecular guests per supramolecular host does not vary upon dilution.
This results in a linear change of the inverse amplitude of the autocorrelation function
when the nanoparticles are diluted with PBS buffer (a in Figure 3.8). In this new set of
experiments, solutions of guest-filled hosts were diluted with solutions of hosts prepared
without guests (empty), in order to decrease the guest/polymer ratio while keeping the
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total concentration of polymer constant. As shown in b of Figure 3.8, the reciprocal of
the FCS amplitude (Go 1) does no longer increase linearly with guest concentration. The
fact that diluting with empty hosts leads to markedly different results than diluting with
aqueous buffer indicates that hosts containing guests exchange their cargo with empty
hosts, which may lead to changes in the mean and variance of the distribution of particle
brightnesses. For 1e, the apparent number of particles in the observation volume does not
change when particles containing a total of 2.2 uM BODIPY dye are diluted twofold, in
sharp contrast to the factor of two expected because of the increase in the sample volume.
A comparison between the TCSPC decays observed at high and low guest concentrations
indicates that the distribution of lifetimes shifts to a lower average value and gets broader
as the concentration of guest increases. Both effects contribute to the lower apparent
number of particles observed at high guest concentrations, as observed experimentally (b
in Figure 3.8). The curvature observed with 1a is not as marked as with le, which is
consistent with the results of the spectroscopic experiments that show a lower degree of
interchromophoric effects at the same dye concentration.
Conclusions

Amphiphilic macromolecules with a random distribution of decyl and
oligo(ethylene glycol) side chains along a common poly(methacrylate) backbone can be
prepared from the corresponding hydrophobic and hydrophilic methacrylate monomers
under the influence of a radical initiator. The resulting macromolecules readily dissolve
in neutral buffer, if the ratio (m:n) between their hydrophobic and hydrophilic
components is lower than 8:1, and assemble spontaneously into particles with nanoscaled

dimensions, when m:n is higher than 1:3. The hydrodynamic diameter (Dn) of the self-

65



assembling nanoparticles ranges from 6 to 36 nm. Their supramolecular weight (Ws)
varies from 16 to 1130 kDa. The average number of macromolecules per nanoparticle
(Nm) changes from 2.5 to 59. All three parameters (Dn, Ws and Nwm) increase
monotonically with m:n.

Hydrophobic BODIPY chromophores can be encapsulated within the
hydrophobic interior of all self-assembling nanoparticles in neutral buffer, if the polymer
concentration is greater than a critical value (Cc) ranging from 7.1 to 76.8 ug mL* with
the composition of the macromolecule. Specifically, C. decreases as m:n increases.
When the average number (Ng) of encapsulated molecular guests per supramolecular host
is lower than 0.63, the absorption and emission bands of the entrapped chromophores are
identical to those observed in organic solvents and remain unaffected upon storage for
days, as long as m:n is greater than 1:2. At these loading conditions, the fluorescence
quantum vyield (¢r) increases from 0.39 to 0.78 with m:n and, for the polymer with the
highest relative hydrophobic content, is essentially identical to that measured in THF. As
the guest loading increases, interchromophoric interactions lead to significant changes in
the shape of the absorption spectrum and a depressive effect on the radiative efficiency of
the encapsulated guests. Consistently, the fluorescence of the entrapped chromophores
decays multiexponentially with fractional contributions that change with guest loading
and emission wavelength. Once again, these effects are also related to m:n. A decrease
in the relative hydrophobic content tends to promote interactions between encapsulated
guests and excimer formation can even be observed for the most hydrophilic

supramolecular host. Similarly, an increase in the relative hydrophilic content also

66



facilitates the access of hydrophilic quenchers to the encapsulated guests, which remain
relatively shielded in the most hydrophobic supramolecular host instead.

FCS measurements confirm the entrapment of the small fluorescent guests into
large supramolecular hosts and do not reveal any free fluorophores diffusing in the bulk
aqueous solution. These experiments also show that groups of chromophores are
entrapped within the same supramolecular container at high guest loading conditions, and
that guests redistribute when mixed with empty hosts.

In summary, our results concur in demonstrating that m:n is the main structural
parameter that ultimately controls the properties of these self-assembling supramolecular
hosts. The tendency of the amphiphilic building blocks to form nanoparticles, the
physical dimensions of the resulting assemblies and the ability of these supramolecular
hosts to encapsulate fluorescent guests, while preserving their photophysical properties
and shielding them from the surrounding environment, all increase with the relative
hydrophobic content. Indeed, an excess of hydrophobic side chains, relative to their
hydrophilic counterparts, is essential to produce optimal supramolecular hosts. When the
former components are decyl chains, the latter are oligo(ethylene glycol) tails and the
macromolecular backbone is a poly(methacrylate) scaffold, the best choice for m:nis a
value of 6:1 in the shape of polymer 1a. Thus, this particular structural composition
appears to be the ideal one for the further development of our experimental protocols to
deliver and operate photoresponsive molecules within live cells and developing
embryos. %8

Experimental Procedures
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Materials and Methods. Chemicals were purchased from commercial sources and used
as received. CH2Cl> and MeCN were distilled over CaH,. THF was distilled over Na
and benzophenone. H>0 (18.2 MQ-cm) was purified with a Barnstead International
NANOpure Dlamond Analytical system. Compounds 3, 4, 6 and 7 (Figure 4.7) were
prepared according to literature procedures.” %1% GPC was performed with a
Phenomenex Phenogel 5-pym MXM column (7.8 x 300 mm) operated with a Varian
ProStar system, coupled to a ProStar 330 photodiode array detector, in THF at a flow rate
of 1.0 mL min~. Monodisperse polystyrene standards (2,700-200,000) were employed
to determine the M, and PDI of the polymers from the GPC traces, following a literature
protocol X! Matrix-assisted laser-desorption ionization (MALDI) mass spectra were
recorded with a Bruker BioFlex IV spectrometer. NMR spectra were recorded with a
Bruker Avance 400 spectrometer. DLS measurements were performed with a Malvern
ZEN1600 apparatus. The values listed for Dy in Table 3.1 are averaged over ten
independent experiments of ten runs of 10 s each. SLS measurements were performed
with the same apparatus. The values of Ws listed in Table 3.1 were determined from the
concentration dependence of the scattering intensity, following a literature protocol.X%
Absorption spectra were recorded with a Varian Cary 100 Bio spectrometer, using quartz
cells with a path length of 1.0 cm. Emission spectra were recorded with a Varian Cary
Eclipse spectrometer in aerated solutions. Fluorescence quantum yields were determined
with a rhodamine 6G standard, following a literature protocol.%

Synthesis of 1la—e. A solution of 3 (a = 565 mg, 3 mmol; b and ¢ = 452 mg, 2 mmol; d =
113 mg, 0.5 mmol; e = 23 mg, 0.1 mmol; f = 11 mg, 0.05 mmol), 4 (1.0 g, 0.5 mmol) and
AIBN (a, b and d-f =5 mg, 0.03 mmol; ¢ = 0.5 mg, 0.003 mmol) in degassed THF (8
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mL) was heated at 75 °C for 3 days in a sealed tube. After cooling down in an ice bath,
the solvent was distilled off under reduced pressure. The residue was purified by column
chromatography [SiO2, CHCI3/MeOH (40:1, v/v)] to give the corresponding polymer as a
white solid.

la (1.13 g): GPC: My = 19.0 kDa, PDI = 1.28. *H NMR (CDCls): § = 0.84-0.93
(18H, brs), 0.97-1.09 (6H, br s), 1.22-1.39 (54H, br s), 1.69-1.77 (6H, brs), 3.37-3.41
(3H, s), 3.54-3.77 (~180H, m), 3.87-4.02 (7H, br s), 4.06-4.16 (2H, br s).

1b (813 mg): GPC: M, = 21.0 kDa, PDI = 1.32. *H NMR (CDCl3): & = 0.84-0.93
(11H, brs), 0.97-1.09 (3H, brs), 1.22-1.39 (33H, br s), 1.69-1.77 (5H, br s), 3.37-3.41
(3H, s), 3.54-3.77 (~180H, m), 3.87-4.02 (4H, brs), 4.06-4.16 (2H, br s).

1c (613 mg): GPC: My = 81.0 kDa, PDI = 1.11. 'H NMR (CDCls): & = 0.84-0.93
(11H, brs), 0.97-1.09 (4H, brs), 1.22-1.39 (35H, br s), 1.69-1.77 (8H, br s), 3.37-3.41
(3H, s), 3.54-3.77 (~180H, m), 3.87-4.02 (4H, brs), 4.06-4.16 (2H, br s).

1d (745 mg): GPC: My = 21.0 kDa, PDI = 1.16. 'H NMR (CDCls): & = 0.84-0.93
(3H, brs), 0.97-1.09 (3H, brs), 1.22-1.39 (9H, br s), 1.69-1.77 (6H, br s), 3.37-3.41
(3H, s), 3.54-3.77 (~180H, m), 3.87-4.02 (1H, brs), 4.06-4.16 (2H, br s).

1e (710 mg): GPC: My = 17.0 kDa, PDI = 1.16. 'H NMR (CDCls): & = 0.84-0.93
(2H, brs), 0.97-1.09 (3H, brs), 1.22-1.39 (5H, br s), 1.69-1.77 (6H, br s), 3.37-3.41
(3H, s), 3.54-3.77 (~180H, m), 3.87-4.02 (1H, brs), 4.06-4.16 (2H, br s).

1f (548 mg): GPC: M, = 22.0 kDa, PDI = 1.23. 'H NMR (CDCls): & = 0.84-0.93
(1H, br s), 0.97-1.09 (3H, br s), 1.22-1.39 (4H, br s), 1.69-1.77 (5H, br s), 3.37-3.41

(3H, 5), 3.54-3.77 (~180H, m), 3.87-4.02 (1H, br s), 4.06-4.16 (2H, br s).
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Synthesis of 2a—c. A solution of 3 (a=1.13 g, 5 mmol; b = 262 mg, 1 mmol; ¢c = 75 mg,
0.3 mmol), 5 (640 mg, 1 mmol) and AIBN (5 mg, 0.03 mmol) in degassed THF (8 mL)
was heated at 75 °C for 3 days in a sealed tube. After cooling down in an ice bath, the
solvent was distilled off under reduced pressure. The residue was purified by column
chromatography [SiO2, CHCI3/MeOH (40:1, v/v)] to give the corresponding polymer as a
colorless oil.

2a (833 mg): GPC: My = 23.0 kDa, PDI = 1.14. 'H NMR (CDCl3): & = 0.84-0.93
(36H, brs), 0.97-1.09 (7H, br s), 1.22-1.39 (115H, br s), 1.69-1.77 (5H, br s), 3.37-3.41
(3H, s), 3.54-3.77 (~52H, m), 3.87—4.02 (15H, br s), 4.06-4.16 (2H, br s).

2b (416 mg): GPC: My = 19.0 kDa, PDI = 1.26. 'H NMR (CDCl3): & = 0.84-0.93
(10H, brs), 0.97-1.09 (3H, brs), 1.22-1.39 (24H, br s), 1.69-1.77 (3H, br s), 3.37-3.41
(3H, s), 3.54-3.77 (~52H, m), 3.87-4.02 (4H, br s), 4.06-4.16 (2H, br s).

2¢ (368 mg): GPC: My = 19.0 kDa, PDI = 1.16. 'H NMR (CDCls): & = 0.84-0.93
(4H, brs), 0.97-1.09 (3H, brs), 1.22-1.39 (9H, br s), 1.69-1.77 (2H, br s), 3.37-3.41
(3H, s), 3.54-3.77 (~52H, m), 3.87-4.02 (1H, br s), 4.06-4.16 (2H, br s).
Synthesis of 5. A solution of N,N'-dicyclohexylcarbodiimide (DCC, 4.6 g, 22 mmol) in
CH2Cl> (20 mL) was added dropwise, over the course of 20 min, to a solution of
polyethylene glycol (M, = 0.6 kDa, 12.0 g, 20 mmol), 4-dimethylaminopyridine (DMAP,
2.3 g, 20 mmol), and methacrylic acid (1.8 g, 22 mmol) in CH2Cl, (100 mL) maintained
at 0 °C. The reaction mixture was allowed to warm up to ambient temperature and then
was stirred for 12 hours under these conditions. The resulting precipitate was filtered off
and the solvent of the filtrate was distilled off under reduced pressure. The residue was
purified by column chromatography [SiO2, CH>Cl2/MeOH (10:1, v/v) to afford 5 (6.8 g,
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53%) as a colorless oil. ESIMS: m/z =659 [M + H]*. *H NMR (CDCls): § = 1.89 (3H, s),
3.39 (3H, ), 3.50-3.72 (~44H, m), 4.25 (2H, s), 5.52 (1H, s), 6.08 (1H, ).

Synthesis of 8. A solution of 7 (106 mg, 0.3 mmol), poly(ethylene glycol) methyl ether
(Mn = 2,000, 600 mg, 0.3 mmol), and 4-(N,N-dimethylamino)pyridine (DMAP, 31 mg,
0.3 mmol) in CH2Cl> (30 mL) was stirred for 10 min at 0 °C. N,N'-
Dicyclohexylcarbodiimide (DCC, 62 mg, 0.3 mmol) was added and the resulting solution
was stirred for a further 30 min at 0 °C. The mixture was allowed to warm up to ambient
temperature, stirred for 24 hours under these conditions and filtered. The filtrate was
concentrated under reduced pressure and the residue was purified by column
chromatography [SiO2, CH2Cl/ MeOH (95:5, v/v)] to give 8 (162 mg, 27%) as a red
solid. MALDI: m/z = 2404 [M + H]*; *H NMR (CDCls): 5 = 8.20 (2H, d, 8 Hz), 7.42
(2H, d, 8 Hz), 4.00-3.51 (176H, m), 3.40 (3H, s), 2.53 (6H, s), 2.32 (4H, @, 8 Hz), 1.28
(6H, s), 1.00 (6H, t, 8 Hz).

Doped Polymer Nanoparticles. CH.Cl; solutions of 6 (0.1 mM, 1-1000 pL) and one of
the polymers (2.5 mg mL™, 0.2 mL or 1 mg mL™, 0.5 mL) were combined. The solvent
was distilled off under reduced pressure, the residue was dispersed in PBS (1 mL) and the
mixture was sonicated for 5 min. After storage for 10 min at ambient temperature, the
dispersion was passed through a syringe filter with a pore size of 200 nm and the filtrate
was used for the imaging and spectroscopic experiments without further purification.

The concentration of 6 in the filtrate was estimated from the absorbance at Aap (Table
3.2), using the molar absorption coefficient measured for this compound in THF.
TCSPC. Lifetime measurements were performed in a TCSPC setup. The excitation

light was a Fianium supercontinuum laser (SC-450-4-PP) operating at 20 MHz equipped
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with an Acousto-Optic Tunable Filter (AOTF) to select the excitation wavelength. A
polarizer in the excitation pathway was used to excite the sample with vertically-
polarized light. Samples were contained in standard 1 cm path length fluorescence
cuvettes. The emission polarizer was set at the magic angle (54.7° with respect to the
excitation) to eliminate artefacts in the data due to anisotropic properties, such as
rotational diffusion. The wavelengths of collected emission were selected by an emission
monochromator and the signal was detected with a Hamamatsu MCP-PMT R3809U-50
photomultiplier tube. The TCSPC decay curves were recorded by a Becker and Hickl
TCSPC Timing Card (B&H SPC830). All TCSPC decay curves were analyzed using
ASUFIT, a MATLAB-based program developed at ASU
(http://lwww.public.asu.edu/~laserweb/asufit) that uses a standard deconvolution
procedure and nonlinear regression. The instrument response function (IRF) was
measured by scattering excitation light off of a 3% Ludox solution. Typically, the IRF
was around 50-80 ps. The fluorescence intensity decay was fit to a sum of exponentials.
The goodness of the fit was judged by the y? value and the randomness of the residuals.
FCS. Measurements were carried out using a setup built in-house and described
elsewhere. 193 1% Briefly, the instrument uses a continuous 532 nm Coherent Compass
215M-10 laser, an oil-immersion objective lens (Olympus Apochromat 100x/1.4 NA),
avalanche photodiode detectors (Perkin EImer SPCM AQR-14) and a dedicated hardware
correlator card (ALV-5000/EPP Multiple Tau Digital Correlator). The samples were
placed in silicone perfusion chambers on a glass coverslip. For every series of FCS
measurements, the setup was calibrated with a rhodamine dye of known diffusion
coefficient (TAMRA, 420 pm? s1).105 1% Aytocorrelation curves of free TAMRA were

72



fit with Equation 1 with the known diffusion coefficient fixed in order to determine the
radial semi-axis of the observation volume (ro). The autocorrelation curves obtained with
the micelles were then analyzed with the same equation to determine the diffusion
coefficient (D).
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DLS Measurements of 1a—1f, 2b and 2c, Temporal Evolution of Dn for 1a, 1b and

1d-1f, and Temporal Evolution of the Emission Intensity of 6
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Figure 4.1: Statistical distributions of Dy for ~ Figure 4.2: Statistical distributions of
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Figure 4.3: Temporal dependence of Dn of either 1a or le, containing 6 (6.6 uM
for 1a, 1b and 1d—f (0.5 mg mL™) in PBS for 1a and 3.9 uM for 1e), recorded in
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Absorption and Emission Spectra of 6 and Fluorescence Decays and Fitting

Parameters of 6
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Figure 4.5: Normalized absorption spectra
of 6 in EtOH, EtOH/H20 (1:10, v/v) or after
combining CHClI> solutions of 6 (0.1 mM,
volume indicated in the chart) and 1e (1 mg
mL?, 0.5 mL), distilling the solvent off
under reduced pressure, dispersing the
residue in PBS (1 mL) and passing the
resulting dispersion through a nanoporous
membrane.
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Figure 4.6:  Fluorescence intensity

decays [Lex = 500 nm, Aem = 570 (blue),
550 (red) or 530 nm (black)] of 6 in
EtOH or EtOH/H20 (1:10, v/v). Decays
were fitted with a sum of exponentials
(Table 4.1).



Table 4.1: Fitting parameters [a] for the fluorescence decays of 6 [b].

AEx AEm T1 % 1) % T3 %

(m)  (nm)  (ns) (ns) (ns)
1a (2.48 uM) 500 530 5.8 78 1.3 22% — —
500 550 58 82 1.8 18% — —
500 570 59 77 3.0 23% — —
le (1 uM) 500 540 6.1 34 .1 19% 0.1 47
500 555 58 22 1.2 22% 02 56
500 570 5.6 16 .1 25% 02 59
1a (1.64 uM) 525 555 5.1 64 1.9 36% — —
1a (1.93 uM) 525 555 54 63 1.8 37% — —
1a (3.04 uM) 525 555 47 53 1.7 47% — @ —
le (0.52 uM) 525 555 58 30 1.2 26% 0.08 44
le (1 uM) 525 555 57 24 1.1 24% 02 52
le (2.3uM) 525 555 5.8 14 07 17% 0.1 69
EtOH/H>0 (1:10, v/v) 500 530 5.0 14 1.5 7% 0.02 79
500 550 5.1 19 1.3 7%  0.05 74
500 570 4.8 6 0.7 6% 0.05 88
500 530 53 100 — — —  —
EtOH 500 550 53 100 — — —  —
500 570 52 100 — — —  —

[a] The fluorescence decays (Figures 3.7 and 4.6) were fitted with one, two or three
exponential terms, as needed to obtain random residuals.
[b] The concentration of 6 is listed in parentheses for the experiments with 1a and le.



Synthesis of 8, Absorption and Emission Spectra of 8, and, Temporal Evolution of

the Emission Intensity of 1a, 1e and 8
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Figure 4.7: Synthesis of 8.
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Figure 4.8: Normalized absorption and
emission (Aex = 500 nm) spectra of 8 in
THF or PBS at 25 °C.
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Figure 4.9: Temporal evolution of the emission intensity
(Aex = 500 nm, Aem = 540 nm) of nanoparticles of 1a or le,
containing 6 (7.2 uM for 1a and 2.8 uM for 1e), recorded
in PBS at 25 °C after the addition of Nal (0.1 mM) and
reported relative to that measured in the absence of Nal,
together with the relative emission intensity of 8 (0.1 mM)
recorded after the addition of Nal (0.1 mM) under the same

conditions. 78



Stern-VVolmer Plots for 1a, 1b, 1d, 1e and 8
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Figure 4.10: Plots of the relative emission
intensity (Aex = 500 nm, Aem = 540 nm) of
nanoparticles of 1a, 1b, 1d or le, containing 6
(7.2 uM for 1a, 7.8 uM for 1b, 2.8 uM for 1d
and 2.8 uM for 1e), recorded in PBS at 25 °C
after the addition of increasing amounts of Nal
and storage in the dark for 3 hours, against the
iodide concentration.
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Figure 4.11: Plot of the relative emission
intensity (Aex = 500 nm, Aem = 540 nm) of 8 (25
KUM), recorded at 25 °C in PBS and the presence
of increasing amounts of Nal, against the iodide

concentration.
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FCS Measurements of 6.

First, EtOH solutions of 6 at different concentrations were prepared and the
photon count rate of each solution was measured in the same FCS instrument used to
acquire the autocorrelation functions reported in the manuscript. The lowest
concentration with a photon count rate three times above the background was 100 pM
and, therefore, it was concluded that the limit of detection of compound 6 in our
instrument was 100 pM. Then, 6 was dissolved in PBS buffer and the photon count rate
was measured in the same instrument. The result was indistinguishable from

background, from which we conclude that the solubility of 6 in PBS is less than 100 pM.
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Figure 4.12: Autocorrelation decays of 6 incorporated
into nanoparticles of either 1a or 1e. Samples were
prepared using a concentration of 0.5 mg mL™ for the
polymer. The concentration of guest, after filtration,
was 2.4 uM for 1a and 1.0 uM for 1e The solutions
were sequentially diluted using PBS buffer in 6 steps,
until the concentration of polymer was 6.25 pug mL?
(1:80) for 1a and 50 pg mL?! (1:10) for le (the
supramolecular hosts are not stable at lower polymer
concentrations). Results show negligible changes in
the autocorrelation function.
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CHAPTER FIVE
INTERCHROMOPHORIC EFFECTS OF TMR AND ALEXA FLUOR DYES ON E.

COLI DNA PROCESSIVITY CLAMPS

5.1 Motivation and Introduction for the Project

The DNA Processivity Clamps in E. coli are referred to as B clamps. The B
clamps are loaded onto DNA by another protein called clamp loader. When DNA
Polymerase binds to a loaded B clamp, the loaded § clamp ensures that the DNA
Polymerase does not diffuse away from the DNA template in the middle of DNA
replication.!’” E. coli B clamps are homodimeric proteins with an outer diameter of 80 A
and an inner diameter of 35 A.1%:19 |t should also be noted that the clamp loader only
loads B clamps with DNA in the presence of ATP and magnesium and that the clamp
loader only opens one of the two interfaces of the p clamp.!*

Anirban Purohit et al. studied the electrostatic interactions at the dimer interface
that holds the  clamp together. FCS measurements of  clamps doubly-labeled at the
interfaces revealed microsecond-timescale fluorescence fluctuations. These
microsecond-timescale fluorescence fluctuations were absent from FCS measurements
with B clamps singly-labeled at the interfaces. Therefore, these fluorescence fluctuations
could not be attributed to diffusion. Ideally, the fluorescence fluctuations would report
protein dynamics at the interface. However, dynamics within the rhodamine dimer at a
static interface could also account for the fluorescence fluctuations. B clamps doubly-
labeled away from the interface revealed the same fluorescence fluctuations suggesting
that dynamics within the rhodamine dimer were the source of the signal. 3
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Hence, the goal of this project was to study the interchromophoric interactions at
the doubly-labeled interfaces of E. coli DNA Processivity B clamps. Four rhodamine
dyes were investigated: TMR, TMR C6, Alexa Fluor 546, and Alexa Fluor 488. The
doubly-labeled interface can be viewed at Figure 5.17. Singly-labeled B clamps and free
dye were used as controls. In Figure 5.18, for the singly-labeled B clamps, the distance
between two labeling sites (one per interface) is shown to be roughly 65 A. Therefore,
we can expect negligible interchromophoric interactions in the singly-labeled constructs.

At the interface doubly-labeled with identical dyes, two self-quenching
mechanisms can be considered: static quenching and dynamic quenching. In static
quenching, dimerization occurs in the ground state. These ground-state dimers will be
nonfluorescent if the transition dipoles are exactly parallel. Therefore, these dark ground-
state dimers will not contribute to the TCSPC decay kinetics. In this scenario of static
quenching, only the fluorescence intensity is quenched while the fluorescence lifetime is
unaffected. In contrast, the dynamic quenching mechanisms occur in the excited state
with a concomitant quenching of both the fluorescence intensity and fluorescence
lifetime. In order to determine which quenching mechanisms were present, ensemble
absorbance and fluorescence measurements were performed on the doubly-labeled 8
clamps with singly-labeled B clamps and free dye as controls. Three methodologies were
employed to disrupt the doubly-labeled interfaces: 1) the addition of sodium dodecyl
sulfate (SDS) detergent to denature the proteins, 2) the addition of clamp loader (y
complex) to open one of the two interfaces, and 3) the use of subunit exchange to

decrease the number of dyes per interface. Upon disruption of the doubly-labeled
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interfaces, the absorbance and fluorescence measurements were repeated to assess the

changes in photophysics.

5.2 Materials and Methods

A. Purification and Fluorescent Labeling of

At the Department of Biochemistry and Molecular Biology at the University of
Florida in Gainesville, FL, Dr. Linda Bloom and her students expressed, purified, and
labeled the E. coli B clamps. To prevent unwanted labeling, some surface cysteine
residues were replaced with serine (Cys-260 and Cys-333). For B clamps singly-labeled
at the interfaces, a single cysteine residue was engineered at a specific site, 1le-305 to
cysteine or Arg-103 to cysteine (I or R mutations), to allow for site-specific labeling with
a maleimide derivative of TMR, TMR C6, Alexa Fluor 546, or Alexa Fluor 488. The
maleimide of the reactive dye reacts with the thiol in cysteine. Three dyes came from
Molecular Probes/Invitrogen/ThermoFisher Scientific: Tetramethylrhodamine-5-
Maleimide, single isomer (Catalog number: T6027), Alexa Fluor 546 Cs Maleimide
(Catalog number: A10258), and 5(6)-Alexa Fluor 488 Cs Maleimide (Catalog number:
A10254). The fourth dye came from AAT Bioquest, Inc.: 5-TAMRA C6 Maleimide
(Catalog number: 424). For B clamps doubly-labeled at the interfaces, two cysteine
residues were engineered at specific sites, Arg-103 to cysteine and Ile-305 to cysteine.
All B clamps were overexpressed in E. coli and purified as described previously.'tt 112
Site-directed mutagenesis and fluorescent labeling of -C260S/C333S/1305C, B-

C260S/C333S/R103C and -C260S/C333S/R103C/1305C were done as described
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previously.!!3 For the sake of brevity, from this point onward, the serine mutations will
be omitted in the designations of the constructs.

Constructs like B-R103C/1305C-(TMR)2 had four TMR dyes per B clamp because
there were two doubly-labeled interfaces. Constructs like $-1305C-TMR had two TMR
dyes per  clamp because there were two singly-labeled interfaces.

Dye-labeling efficiencies represent the molar ratios of dye to protein. The protein
concentrations were determined by a Bradford-type Assay (Bio-Rad) using native
unlabeled wild-type B standards that were quantified by performing absorbance
measurements at 280 nm under denaturing conditions (to denature the § clamp dimer to
monomer).!'! The concentration of TMR was calculated from the absorbance measured

at 555 nm using an extinction coefficient of 98 000 Mt cm™. A similar protocol was

followed for the three other dyes. The two samples B-R103C/I305C-(TMR) and f-
I1305C-TMR had dye-labeling efficiencies of 87% and 110% respectively. Dye-labeling
efficiencies of 80% and 90% were determined for 3-R103C/1305C-(TMR C6)2 and f3-
R103C-TMR C6 respectively. p-R103C/1305C-(Alexa Fluor 546), and B-1305C-Alexa
Fluor 546 were labeled with 128% and 114% efficiency. p-R103C/I305C-(Alexa Fluor
488), and B-1305C-Alexa Fluor 488 were labeled with 110% and 81% efficiency.

The TRIS buffer used in the experiments was 20 mM TRIS-HCI (pH 7.5), 50
mM NaCl, 0.5 mM EDTA, 5 mM DTT, 40 pug/mL bovine serum albumin (BSA), and

10% glycerol

B. Subunit Exchange Measurements
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For subunit exchange measurements unless otherwise noted, 0.5 puM dye-labeled
B was mixed with a twenty-fold excess of unlabeled wild-type B (10 uM). The subunit-
exchanged [ samples were stored for two days at room temperature in the dark prior to

absorbance and fluorescence measurements.

C. Clamp Loader Measurements
The clamp loader (y complex) was purified as described previously.!** For the
clamp loader measurements, the same TRIS buffer was used with the following

additions: 0.5 mM ATP and 80 mM MgClz. The concentration of y complex was 2 pM.

D. SDS Measurements

For the SDS measurements, 1% SDS (% wt/v) was used.

E. Ensemble Absorbance Measurements
Ensemble absorbance measurements were performed with the Shimadzu UV-
1700 PharmaSpec UV-VIS spectrophotometer. Micro Quartz Cuvettes with path lengths

of 1 cm were used.

F. Ensemble Excitation and Emission Scans

Ensemble excitation and emission scans were performed with on a PTI
Quantamaster. Micro Quartz Cuvettes with path lengths of 1 cm were used. For the
excitation scans of TMR-, TMR C6-, and Alexa Fluor 546-labeled B clamps, unless
otherwise noted, the excitation was scanned from 400 nm to 610 nm, and the emission
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was collected at 625 nm. For the emission scans of TMR-, TMR C6-, and Alexa Fluor
546-labeled B clamps, unless otherwise noted, the excitation was fixed at 490 nm, and the
emission was scanned from 505 nm to 700 nm. For the excitation scans of Alexa Fluor
488-labeled B clamps, unless otherwise noted, the excitation was scanned from 400 nm to
535 nm, and the emission was collected at 540 nm. For the emission scans of Alexa
Fluor 488-labeled B clamps, the excitation was fixed at 465 nm, and the emission was
scanned from 475 nm to 700 nm. All excitation and emission scans were corrected for

variations in the lamp’s intensity/power.

G. Ensemble Fluorescence Lifetime Measurements

The Time-Correlated Single Photon Counting (TCSPC) setup used for the
fluorescence lifetime measurements was described in full detail elsewhere.'*® Briefly, the
samples were excited with vertically polarized light in Micro Quartz Cuvettes with path
lengths of 1 cm, and the emission was collected perpendicular to the direction of
excitation. The polarizer in front of the emission monochromator was set to the magic
angle (54.7° with respect to the excitation). The Instrument Response Function (IRF)
was measured by scattering the excitation light off of a 3% Ludox solution. The Full-
Width at Half Maximum of the IRF was around 50 ps. The data was analyzed with in-
house software (ASUFIT, URL: www.public.asu.edu/~laserweb/asufit/asufit.ntml). The
data was fit with IRF reconvolution and nonlinear regression using a model of discrete
exponential decays (Equation 5.1). For the TMR, TMR C6, and AF546-labeled clamps,
the excitation was 540 nm, and the emission was collected at 575 nm. For the AF488-
labeled B clamps, the excitation was 500 nm, and the emission was collected at 540 nm.
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1(t) =31, Ae” /i (5.1)

H. Ensemble Time-Resolved Fluorescence Anisotropy

The ensemble time-resolved fluorescence anisotropy experiments were performed
in the same TCSPC setup described in the previous section. Fluorescence intensity
decays were collected under the following two polarization conditions: 1) vertical
excitation and vertical emission and 2) vertical excitation and horizontal emission. The

anisotropy decay was calculated with Equation 5.2.

_ _Iw®-6Xlyu(®)
r(t) - Iyy()+2xGxIyy(t) (52)

The G factor accounts for the polarization bias of the emission monochromator
and was measured with the tail-matching of free fluorescein and free Cy3B.1? For the
time being, the anisotropy decays have not been fit. Instead, the focus will be on the

trends of the anisotropy decays.

I p Clamp Digestion with Proteinase K

The B clamps were digested with a protease called Proteinase K (from
Tritirachium album, > 800 units/mL, P4850 SIGMA). For the digestion, the  clamps
were incubated with 6 pL of Proteinase K for two hours at 60°C in the dark. After the
two hour incubation, the B clamp solution was allowed to cool slowly to room

temperature. Absorbance and fluorescence measurements were then performed.

5.3 Ensemble Absorbance and Excitation Scans of Dye-Labeled  Clamps
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Absorbance scans were performed on 3-R103C/I1305C-(TMR)2 and B-1305C-
TMR before and after clamp loader (y complex) and sodium dodecyl sulfate (SDS)
detergent were added. The two samples B-R103C/I305C-(TMR)2 and B-1305C-TMR had
dye-labeling efficiencies of 87% and 110% respectively. As shown in Figure 5.1a, -
R103C/1305C-(TMR)2 had a pronounced blue-shifted peak around 520 nm indicating that
H-dimers (sandwich stacks) were present at the doubly labeled interfaces. When clamp
loader and SDS detergent were added to f-R103C/I1305C-(TMR)z, the peak at 520 nm
decreased while the monomeric dye peak at 555 nm grew. The trends of the two peaks
indicated that both opening the B clamp interface with clamp loader and
denaturing/dissociating the  clamp with SDS detergent disrupted the TMR H-dimers at
the interfaces. The actions of the clamp loader did not produce as much monomeric dye
as SDS detergent did because the clamp loader only opened one of the two interfaces. '

In Figure 5.1b, absorbance measurements of the control B-1305C-TMR did reveal
a pronounced short-wavelength shoulder at 520 nm. Absorbance spectra of free TMR
maleimide dye (structure in Figure 6.7a) and unreactive 5-TAMRA without and with
SDS were measured and shown in Figures 6.1a and 6.1e to determine whether the
pronounced shoulder was a spectral characteristic of the dye. The absorbance scans of
the free TMR dyes revealed small changes in the absorbance shoulders upon addition of
SDS detergent. However, the changes with the free dyes were not as pronounced as they
were with B-1305C-TMR. Hence, the pronounced shoulder in f-1305C-TMR could
indicate a small degree of aggregated dye due to nonspecific binding of the dye to the
clamp dimer or interactions between the attached dye and nearby amino acid residues.
However, since the shoulder at 520 nm only responded to SDS detergent (not y complex),
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the shoulder at 520 nm probably did not correspond to unintended TMR dimers at the
interfaces. Therefore, B-1305C-TMR was still considered to be a suitable control.
Absorbance scans of subunit exchanged f-R103C/1305C-(TMR)2 and B-1305C-
TMR were also recorded. For 3-R103C/I305C-(TMR)., the trends of the two peaks were
consistent with the above case of clamp loader and SDS detergent: in Figure 5.1c, the
peak at 520 nm decreased while the peak at 555 nm grew. This consistency indicated
that subunit exchange (mixing dye-labeled B with a twenty-fold excess of unlabeled wild-
type B) decreased the number of dyes per interface and disrupted the TMR H-dimers at
those same interfaces. Similar to the clamp loader, the effects of the subunit exchange
were intermediate compared to those of the SDS detergent. Even though a twenty-fold
excess of unlabeled wild-type B was used, the exchange kinetics are limited by the long
lifetime of the § clamp dimer as monomer association is virtually instantaneous above the
dissociation constant Kq. In an earlier study, the Kq of the f clamp dimer was calculated
to be 6.5-65 pM.* Since all the experiments in this present study were performed with
protein concentrations of 0.5 uM or higher, it can safely be assumed that dimer
dissociation, not monomer association, was the limiting factor. In that same earlier study,
the lifetime of the  clamp dimer at room temperature in 50 mM NaCl buffer was found
to be 43 + 3 hours.®® Since the subunit exchanged samples had been stored in the dark at
room temperature for 48 hours, roughly 33% of the B clamp dimers (e®*%) had not yet
dissociated. Therefore, about 33% of the dimers had not yet exchanged their subunits.
For the control B-1305C-TMR in Figure 5.1d, subunit exchange had no impact on
the short-wavelength shoulder at 520 nm suggesting that the interaction responsible for
the pronounced shoulder was not due to unintentional rhodamine dimers at the interfaces.
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Excitation scans were measured of f-R103C/1305C-(TMR)2 and B-1305C-TMR
before and after y complex and SDS detergent were added. In Figure 5.2a, the excitation
scans of B-R103C/I305C-(TMR). revealed a substantial enhancement of the fluorescence
intensity at the peak of 553 nm with SDS. Multiple repeats with SDS indicated that the
range of the fluorescence intensity enhancement was around 40 to 60 fold. In contrast,
the fluorescence intensity enhancement with y complex was moderate with multiple
repeats indicating a 10-fold enhancement. In Figure 5.2¢, for f-R103C/1305C-(TMR)z,
the normalized overlaps revealed negligible changes in the shapes of the excitation scans
as H dimers were converted to monomers via SDS. This trend made sense because H-
dimers should not appear in the excitation as they are non-fluorescent or weakly
fluorescent. Since the absorbance spectra of 3-R103C/I305C-(TMR). revealed ground-
state complexes while the fluorescence intensity was severely quenched, these
measurements suggested that static quenching occurred at the doubly labeled interfaces.

In Figure 5.2b, excitation scans of 3-1305C-TMR revealed a modest fluorescence
enhancement (around 1-3 fold) with SDS in contrast to the pronounced (40-60 fold)
enhancement observed for B-(TMR).. In Figure 5.2d, for B-TMR, the normalized
overlaps revealed negligible changes in the excitation scan shapes. Excitation scans of
free TMR maleimide and unreactive 5-TAMRA before and after SDS were measured and
shown in Figures 6.3a and 6.3c where negligible changes in the fluorescence intensity
were observed with SDS. In Figures 6.3d and 6.3f, the normalized overlaps indicate
negligible changes in the excitation scan shapes with the exception of a bathochromic
shift with SDS. In Figure 6.8, the emission scans of B-(TMR). and -TMR revealed the
same trends with clamp loader and SDS as were observed with the excitation scans.
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Figure 5.1: Absorbance scans of 3-R103C/I305C-(TMR)2 (a and c¢) and -1305C-TMR (b
and d). All dye-labeled B were 0.5 uM. For subunit exchange, 10 uM unlabeled wild-
type B was mixed with 0.5 uM dye-labeled . The subunit-exchanged samples were
stored for two days at room temperature in the dark. Panels (a-b) show the effects of 2
uM y complex and 1% SDS detergent on the shapes of the absorbance spectra. Panels (c-
d) show the effects of subunit exchange on the shapes of the absorbance spectra.
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Figure 5.2: Excitation scans of 3-R103C/I305C-(TMR)2 (a and ¢) and -1305C-TMR (b
and d). All dye-labeled B were 0.5 uM. The excitation was scanned from 400 nm to 610
nm, and the emission was collected at 625 nm. Panels (a-b) and panels (c-d) show the
effects of 2 uM y complex and 1% SDS detergent on the intensities and shapes of the
excitation spectra.

Absorbance scans were also performed on 3-R103C/1305C-(TMR C6)2 and f-
R103C-TMR C6 which were labeled with a longer TMR linker. The two samples -
R103C/I1305C-(TMR C6). and p-R103C-TMR C6 had dye-labeling efficiencies of 80%
and 90% respectively. As shown in Figures 5.3a and 5.3b, the same trends were
observed for both the doubly labeled and singly labeled B clamps. For 3-R103C/I305C-
(TMR C6)2, both subunit exchange and the addition of SDS detergent resulted in a
diminishing of the peak at 520 nm and concomitant rise in the peak at 555 nm. Clamp
loader also had the same impact as shown in Figure 6.9. For the control f-R103C-TMR

C6, subunit exchange had no impact on the shoulder at 520 nm (only SDS) ruling out
92



unintentional rhodamine dimers at the interfaces. Absorbance scans of free TMR C6
maleimide (structure shown in Figure 6.7b) without and with SDS were measured and
shown in Figure 6.1c where a drop in the absorbance shoulder with SDS was also
observed. Once again, this trend suggested that the pronounced shoulder in f-R103C-
TMR C6 could partly be a spectral characteristic of the dye as well as partly nonspecific
binding or interactions with nearby amino acids.

Excitation scans of 3-R103C/I305C-(TMR C6)2 and f-R103C-TMR C6 were also
measured. In Figure 5.4a, for B-R103C/I1305C-(TMR C6)>, the excitation scans revealed
a substantial fluorescence enhancement (around 20-25 fold) at the peak of 553 nm when
SDS interrupted the H-dimers (static quenching). The fluorescence enhancement for the
longer linker 3-R103C/I305C-(TMR C6). was smaller compared to that of the shorter
linker B-R103C/I305C-(TMR). (40-60 fold). The different enhancements can be
explained by the degree of H-dimer formation as shown in the absorbance. If Figure 5.1a
is compared with Figure 5.3a, it can be observed that f-R103C/1305C-(TMR)2 had a
more substantial peak at 520 nm. Thus, B-(TMR)2 had more H-dimers for SDS to disrupt.
Figure 5.4¢ revealed no changes in the excitation scan shapes of B-(TMR C6). with SDS.

In Figures 5.4b and 5.4d, for f-R103C-TMR C6, the excitation scans revealed an
enhancement (around 1-2 fold) with SDS, but they did not change shape with SDS.
Excitation scans of free TMR C6 maleimide before and after SDS were measured and
shown in Figure 6.3b where negligible changes in the intensity were observed with SDS.
In Figure 6.3e, the normalized overlaps indicated only a bathochromic shift with SDS. In
Figure 6.10, the emission scans of B-(TMR C6). and B-TMR C6 revealed the same trends
with SDS as were observed with the excitation scans.
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Figure 5.3: Absorbance scans of B-R103C/I1305C-(TMR C6)2 (a) and p-R103C-TMR C6
(b). All dye-labeled  were 0.5 uM. Subunit exchange: Unlabeled wild-type B (10 uM)
was mixed with 0.5 pM dye-labeled . The subunit-exchanged samples were stored for
two days at room temperature. Panels (a-b) show the effects of subunit exchange and 1%
SDS detergent on the shapes of the absorbance spectra.
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Figure 5.4: Excitation scans of f-R103C/I305C-(TMR C6)2 (a and c) and -R103C-TMR
C6 (b and d). All dye-labeled p were 0.5 uM. The excitation was scanned from 400 nm
to 610 nm, and the emission was collected at 625 nm. Panels (a-b) and panels (c-d) show
the effects of 1% SDS on the intensities and shapes of the excitation spectra.
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Absorbance scans of B-R103C/I1305C-(Alexa Fluor 546), and B-1305C-Alexa
Fluor 546 revealed slightly different trends. The two samples 3-R103C/1305C-(Alexa
Fluor 546), and -1305C-Alexa Fluor 546 had dye-labeling efficiencies of 128% and
114% respectively. In Figure 5.5a, for f-R103C/I1305C-(Alexa Fluor 546),, a main peak
around 556 nm was present, but clear H-dimers were not present. In fact, Alexa Fluor
dyes have been advertised as relatively non-interacting because of their sulfonation.

Alexa Fluor dyes have been praised for their bright, photostable conjugates.
Protein conjugates of Alexa Fluor dyes have been compared with those of traditional
rhodamines and cyanines. The relative fluorescence of the conjugates was higher with
Alexa Fluor dyes than it was with the rhodamines and cyanines. Furthermore, as the
fluorophore-to-protein molar ratios were increased, the relative fluorescence of the Alexa
Fluor protein conjugates plateaued less than that of rhodamines and cyanines. These
results suggested that the Alexa Fluor dyes interacted less with each other and were less
susceptible to self-quenching.!* The negatively-charged sulfonate groups improve water
solubility, and the charge repulsions among sulfonates minimize dye stacking.

However, in Figure 5.5a, for 3-R103C/I305C-(Alexa Fluor 546),, the short-
wavelength shoulder at 525 nm did display peculiar trends that were unexpected. While
v complex did not affect the shoulder, SDS detergent did drop the short-wavelength
shoulder. The slightly raised shoulder for -R103C/I1305C-(Alexa Fluor 546). could
indicate weak aggregation/coupling. Even though Alexa Fluor dyes are famous for not
stacking as readily as rhodamines and cyanines, recent evidence has emerged to suggest
that even Alexa Fluor dyes can aggregate. Aggregation of Alexa Fluor 610 and Alexa
Fluor 633 was reported in a work studying FRET between quantum dot donors and Alexa
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Fluor dye acceptors which were conjugated to the quantum dots through peptide linkers.
Absorbance scans of the hetero-FRET assemblies revealed H-dimers.*® The published
structure of Alexa Fluor 610-X NHS Ester (Succinimidyl Ester) indicates a sulfonated
rhodamine.’'” The structure of Alexa Fluor 633 Cs maleimide has not been published,
but it is suspected of being a sulfonated rhodamine as well.'® Since Alexa Fluor 546 Cs
maleimide is also a sulfonated rhodamine (Figure 6.7c), it could aggregate too. As
further proof, in Figure 5.5e, the absorbance scans of free Alexa Fluor 546 at low
micromolar and low millimolar concentrations were overlapped. Figure 5.5e showed that
the higher free dye millimolar concentration had a slightly raised short-wavelength
shoulder similar to that of B-R103C/1305C-(Alexa Fluor 546),. This similarity suggested
that the slightly raised short-wavelength shoulder of B-R103C/I1305C-(Alexa Fluor 546)
was due to a true interchromophoric interaction at the doubly labeled interface. Figure
5.5¢ showed that for 3-R103C/1305C-(Alexa Fluor 546),, subunit exchange slightly
dropped the short-wavelength shoulder, but SDS detergent dropped the shoulder more
completely.

In Figure 5.5b, for the $-1305C-Alexa Fluor 546 control, the absorbance scans did
not change shape upon addition of SDS detergent. Figure 5.5d revealed that for 3-1305C-
Alexa Fluor 546, the short-wavelength shoulder did not drop with subunit exchange or
SDS detergent and that $-1305C-Alexa Fluor 546 was a suitable control. Absorbance
scans of free Alexa Fluor 546 maleimide without and with SDS were measured and
shown in Figure 6.1b where no drop in the absorbance shoulder with SDS was observed.

Excitation scans were performed on 3-R103C/I305C-(Alexa Fluor 546), and [3-
1305C-Alexa Fluor 546 before and after y complex and SDS were added. In Figure 5.6a,
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for p-R103C/1305C-(Alexa Fluor 546)>, excitation scans revealed only a modest 2-fold
enhancement with y complex at the peak of 556 nm whereas a higher moderate
fluorescence intensity enhancement of around 4-7 fold was observed with SDS detergent.
Surprisingly, in contrast to 3-R103C/I305C-(TMR). and 3-R103C/I305C-(TMR C6):>,
Figure 5.6¢ showed that the shoulder of the excitation scan at 525 nm dropped with SDS
just as the shoulder of the absorbance scan dropped with SDS in Figures 5.5a and 5.5c.
This trend indicated that the interaction or species responsible for the slightly raised
shoulder of the absorbance scan was both absorbing and fluorescent. In a study by
Gakamsky et al. of singly-labeled B2-microglobulin with Texas Red (a sulfonated
rhodamine), protein oligomerization resulted in dye oligomerization. The excitation
scans of Bom-TR revealed both blue-shifted and red-shifted bands indicating an
intermediate geometry between that of H-dimers and J-dimers.3! Therefore, these
interactions in 3-R103C/I305C-(Alexa Fluor 546), were not H-dimers, but potential
intermediate dimers. Since the absorbance spectra revealed an interaction while the
fluorescence intensity was slightly quenched, these measurements suggested that static
quenching occurred.

In Figure 5.6b, for B-1305C-Alexa Fluor 546, excitation scans revealed negligible
changes in the fluorescence intensity upon addition of SDS detergent. The lack of even a
modest fluorescence intensity enhancement (as observed with f-1305C-TMR and -
R103C-TMR C6) agreed with the absorbance trends established in Figures 5.5b and 5.5d
where SDS had no impact. Figure 5.6d revealed negligible changes in the shapes of the
excitation scans of $-1305C-Alexa Fluor 546 with SDS. In contrast to $-1305C-Alexa
Fluor 546, excitation scans of free Alexa Fluor 546 maleimide in Figure 6.5a revealed a
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2-fold increase in the fluorescence intensity with SDS. In Figure 6.5¢c, the normalized
overlaps indicate only a slight bathochromic shift with SDS.

In Figure 5.6¢, an overlap of the excitation scans for both f-R103C/I305C-(Alexa
Fluor 546), and B-1305C-Alexa Fluor 546 showed that f-R103C/1305C-(Alexa Fluor
546), did have a raised shoulder compared to that of B-1305C-Alexa Fluor 546. Addition
of SDS dropped the shoulder of B-R103C/I305C-(Alexa Fluor 546), to the same level as
B-1305C-Alexa Fluor 546.

In Figure 6.11, the emission scans of B-(Alexa Fluor 546), and B-Alexa Fluor 546
revealed the same trends with clamp loader and SDS as were observed with the excitation

scans.
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Figure 5.5: Absorbance scans of f-R103C/1305C-(Alexa Fluor 546)2 (a and c), p-1305C-
Alexa Fluor 546 (b and d), and free Alexa Fluor 546 (e). All dye-labeled 3
concentrations were 0.5 uM. For subunit exchange, a twenty-fold excess of unlabeled
wild-type B (10 pM) was mixed with 0.5 uM dye-labeled . The subunit-exchanged
samples were stored for two days at room temperature in the dark. Panels (a) and (b)
show the effects of 2 uM y complex and 1% SDS detergent on the shapes of the
absorbance spectra. Panels (c) and (d) show the effects of subunit exchange and SDS
detergent on the shapes of the absorbance spectra. Panel (e) shows the effects of
concentration on the shapes of the absorbance spectra of free Alexa Fluor 546.
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Figure 5.6: Excitation scans of B-R103C/I1305C-(Alexa Fluor 546)> (a and ¢) and -
1305C-Alexa Fluor 546 (b and d). All dye-labeled B concentrations were 0.5 uM. The
excitation was scanned from 400 nm to 600 nm, and the emission was collected at 605
nm. Panels (a) and (b) and panels (c) and (d) show the effects of 2 uM y complex and 1%
SDS detergent on the intensities and shapes of the excitation spectra respectively. Panel
(e) shows the overlap of the excitation scans of 3-R103C/I305C-(Alexa Fluor 546), with

those of B-1305C-Alexa Fluor 546.

Absorbance scans of f-R103C/1305C-(Alexa Fluor 488), and B-1305C-Alexa

Fluor 488 were also recorded. The two samples 3-R103C/I305C-(Alexa Fluor 488). and
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B-1305C-Alexa Fluor 488 had dye-labeling efficiencies of 110% and 81% respectively.

In Figure 5.7a, for B-R103C/1305C-(Alexa Fluor 488)2, a main peak around 495 nm was
present, but clear H-dimers were not present. Furthermore, the short-wavelength
shoulder around 475 nm did not respond to subunit exchange or SDS detergent. The only
noticeable effect from SDS was a slight hypsochromic shift. There were no signs of
weak aggregation/coupling. In Figure 5.7b, for B-1305C-Alexa Fluor 488, no changes in
the shapes or positions of the absorbance spectra were observed upon subunit exchange
or the addition of SDS. Absorbance scans of free Alexa Fluor 488 maleimide (structure
in Figure 6.7d) without and with SDS were measured and shown in Figure 6.1d where no

changes in the shapes of the absorbance scans were observed.
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Figure 5.7: Absorbance scans of f-R103C/1305C-(Alexa Fluor 488)2 (a) and -1305C-
Alexa Fluor 488 (b). All dye-labeled B concentrations were 0.5 uM. Subunit exchange:
a twenty-fold excess of unlabeled wild-type B (10 uM) was mixed with 0.5 uM dye-
labeled B. The subunit-exchanged samples were stored for two days at room temperature
in the dark. Panels (a-b) show the effects of subunit exchange and 1% SDS detergent on
the shapes of the absorbance spectra.

Excitation scans of 3-R103C/I305C-(Alexa Fluor 488), and B-1305C-Alexa Fluor
488 were also recorded. In Figure 5.8a, for B-(Alexa Fluor 488),, excitation scans
revealed a moderate fluorescence intensity enhancement of around 6-7 fold at the peak of

492 nm with SDS. In contrast to B-(Alexa Fluor 546),, Figure 5.8c revealed that SDS did
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not change the shapes of the excitation scans of 3-(Alexa Fluor 488).. Since the
absorbance spectra of B-(Alexa Fluor 488). revealed no ground-state complexes while the
intensity was quenched, these measurements suggested that dynamic quenching occurred
at the doubly-labeled interfaces in B-(Alexa Fluor 488).. Figures 5.8b and 5.8d displayed
negligible changes in the intensities at the peak of 492 nm and in the shapes of the
excitation scans with SDS for 3-Alexa Fluor 488. Figures 6.5b and 6.5d revealed no
changes in the intensity and shapes of the excitation scans with SDS for free Alexa Fluor
488 maleimide. In Figure 6.12, the emission scans of -(Alexa Fluor 488), and B-Alexa

Fluor 488 revealed the same trends with SDS as were observed with the excitation scans.
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Figure 5.8: Excitation scans of 3-R103C/I305C-(Alexa Fluor 488) (a and c¢) and f3-
I1305C-Alexa Fluor 488 (b and d). All dye-labeled B were 0.5 uM. The excitation was
scanned from 400 nm to 535 nm, and the emission was collected at 540 nm. Panels (a-b)
and (c-d) show the effects of 1% SDS on the intensity and shape of the excitation spectra.
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54  Ensemble TCSPC and Time-Resolved Anisotropy of Dye-Labeled p Clamps

For B-R103C/I305C-(TMR)2 and B-1305C-TMR, TCSPC decays were collected
before and after y complex and SDS were added and before and after subunit exchange
was carried out. The TCSPC fitting parameters are reported in Table 6.1. As shown in
Figures 5.9a and 5.9¢, the TCSPC decay of f-R103C/I305C-(TMR). was initially
quenched with three fluorescence lifetimes recovered from the fitting (t1 = 2.9 ns (42%),
12 = 1.2 ns (28%), and 13 = 0.1 ns (30%)). Three exponentials were required in the fitting
to obtain random residuals. The average fluorescence lifetime of -R103C/I305C-
(TMR)2was 1.6 ns.

The first lifetime (t1 = 2.9 ns) was assumed to be associated with incompletely
labeled interfaces because the labelling efficiency is never a perfect 100%. Therefore,
some interfaces might have been singly-labeled instead of doubly-labeled. The second
lifetime (12 = 1.2 ns) was attributed to the protein environment of the dye because the
second lifetime was also present in the control B-1305C-TMR. The third lifetime (t3 =
0.1 ns) was associated with interchromophoric interactions. The geometries of the
rhodamine dimers at the doubly-labeled interfaces possibly deviated from exactly parallel
transition dipoles (deviation from H-dimer geometry). Therefore, these rhodamine
dimers were weakly fluorescent rather than truly non-fluorescent.

In Figures 5.9a and 5.9¢, for f-R103C/I1305C-(TMR)2, when y complex was added
or when subunit exchange was carried out, the decay kinetics moderately lengthened with
an average fluorescence lifetime of 2.2 ns. The intermediate effects of y complex and
subunit exchange in the TCSPC measurements mirrored the intermediate effects of y
complex and subunit exchange in the absorbance scan and excitation scan measurements.
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However, when SDS detergent was added to denature and dissociate the B clamps, the H-
dimers were disrupted resulting in a longer lifetime of 3.4 ns. As shown in Figure 5.9e,
the free TMR maleimide had a monoexponential decay with a lifetime of 2.3 ns. When
SDS was added to the free TMR, a longer lifetime of 3.3 ns was also recovered. While
the longer lifetime with SDS might be an artifact, the substantial fluorescence
enhancement of 3-R103C/I305C-(TMR). with SDS from Figure 5.2a indicated that H-
dimers were truly disrupted. Furthermore, when 3-R103C/I305C-(TMR). was digested
with a protease called Proteinase K, a longer lifetime of 2.6 ns was obtained as shown in
Figure 5.9f. Since Proteinase K, unlike SDS, does not enhance the brightness of TMR
dyes, the presence of the longer lifetime suggested that disruption of the doubly-labeled
interfaces resulted in dissociation of the H-dimers. In Figure 6.13, absorbance and
excitation/emission scans of f-R103C/I305C-(TMR). with Proteinase K indicated that H-
dimers were disrupted with concomitant growth of the monomer absorption peak around
551 nm and pronounced fluorescence intensity enhancements of around 50-60 fold.

In Figures 5.9b and 5.9d, the TCSPC decays of B-1305C-TMR could be fit with
two lifetimes (t1 = 2.7 ns (81%) and 12 = 0.6 ns (19%)). The presence of a second
lifetime close to 1 ns in B-1305C-TMR strongly suggested that the second lifetime was
characteristic of the protein environment. The addition of y complex and the actions of
subunit exchange had no impact on the TCSPC decay kinetics in agreement with the
absorbance trends in Figures 5.1b and 5.1d and the excitation trends in Figure 5.2b.
However, the addition of SDS detergent to B-1305C-TMR in Figure 5.9b resulted in a
longer lifetime of 3.4 ns in agreement with the absorbance trends from Figure 5.1b and
the excitation trends from Figure 5.2b.
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Figure 5.9: TCSPC decays of f-R103C/I305C-(TMR)2 (a, ¢, and f), -1305C-TMR (b
and d), and free TMR maleimide (e). All dye-labeled B concentrations were 0.5 uM. For
subunit exchange, a twenty-fold excess of unlabeled wild-type B (10 uM) was mixed with
0.5 UM dye-labeled B. The subunit-exchanged samples were stored for two days at room
temperature in the dark. The excitation wavelength was 540 nm while the wavelength of
collected emission was 575 nm. Panels (a) and (b) show the effects of 2 uM y complex
and 1% SDS on the TCSPC decays. Panels (c) and (d) show the effects of subunit
exchange on the TCSPC decays. Panel (e) shows the effects of 1% SDS on the TCSPC
decay of 1 uM free TMR maleimide in water. Panel (f) shows the effects of Proteinase K
on the TCSPC decay of B-R103C/I305C-(TMR)s..
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As shown in Figures 5.10a through 5.10e, the TMR C6-labeled 3 clamps and free
TMR C6 maleimide displayed similar TCSPC trends with y complex, SDS, and subunit
exchange. The TCSPC fitting parameters are reported in Table 6.2. For 3-R103C/I305C-
(TMR C6)2, the TCSPC decay was initially quenched with three fluorescence lifetimes
(t1 = 2.7 ns (24%), 12 = 0.8 ns (23%), and 13 = 0.1 ns (53%)). The average fluorescence
lifetime of B-R103C/I305C-(TMR C6)2was 0.9 ns. The labeling efficiency of -
R103C/1305C-(TMR C6). was 80%, and the amplitude of 11 was 24% suggesting that
incompletely labeled interfaces alone were responsible for t1. In Figures 5.10a and 5.10c,
when y complex was added or when subunit exchange was carried out, the TCSPC decay
kinetics of B-R103C/1305C-(TMR C6). moderately lengthened with an average
fluorescence lifetime of 2.0 ns. However, when SDS was added to 3-R103C/I305C-
(TMR C6)z, a longer lifetime of 3.4 ns was recovered. In Figure 5.10e, the TCSPC decay
of free TMR C6 maleimide was a monoexponential decay with a lifetime of 2.4 ns. Upon
addition of SDS to the free dye, a longer lifetime of 3.4 ns was also recovered. While the
longer lifetime with SDS might be an artifact, the pronounced fluorescence enhancement
of B-R103C/I305C-(TMR C6). with SDS from Figure 5.4a indicated that H-dimers were
truly disrupted.

In Figure 5.10d, the TCSPC decay of B-R103C-TMR C6 could be fit with two
lifetimes (11 = 3.0 ns (82%) and 12 = 0.6 ns (18%) ). As previously mentioned, the
second lifetime was probably characteristic of the protein environment. When subunit
exchange was carried out, the TCSPC decay kinetics did not change in agreement with
the absorbance trends from Figure 5.3b. When SDS was added, the TCSPC decay
kinetics negligibly changed.
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In Figure 5.10f, an overlap of f-R103C/1305C-(TMR)2 with -R103C/1305C-
(TMR C6)2 revealed that the longer linker had a more quenched TCSPC decay than the
shorter linker despite the fact that the absorbance scans and excitation scans indicated
that the shorter linker had a larger extent of H-dimer formation. The only way to explain
this apparent contradiction is that the H-dimers in the shorter linker f-R103C/1305C-
(TMR)2 were so strongly quenched that the only detected fluorescence came from
incompletely labeled interfaces. Hence, the shorter linker 3-R103C/1305C-(TMR)2
displayed static quenching where the fluorescence intensity was quenched but the
fluorescence lifetime was not quenched because the dark ground-state complexes did not
participate in the TCSPC decay kinetics. However, the quenching was not entirely static
because the lifetime was not entirely unaffected (the TCSPC decays of 3-R103C/I305C-
(TMR)2 had a third short lifetime component t3). Therefore, for 3-R103C/1305C-(TMR)>,
the quenching was a combination of static and dynamic but with a larger degree of static
quenching. In contrast, the longer linker f-R103C/I1305C-(TMR C6). displayed dynamic
quenching where both the fluorescence intensity and fluorescence lifetime were
quenched. However, since H-dimers (static quenching) were also detected in the
absorbance scans of 3-R103C/I305C-(TMR C6)>, the quenching could be described as a

combination of static and dynamic but with a larger degree of dynamic quenching.
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Figure 5.10: TCSPC decays of - R103C/1305C-(TMR C6)2 (a and ¢), B- R103C-TMR
C6 (d), and free TMR C6 maleimide (e). All dye-labeled B concentrations were 0.5 uM.
For subunit exchange, a twenty-fold excess of unlabeled wild-type p (10 uM) was mixed
with 0.5 M dye-labeled . The samples were stored for two days at room temperature in
the dark. The excitation wavelength was 540 nm while the wavelength of collected
emission was 575 nm. Panels (a-b) show the effects of 2 uM y complex and 1% SDS on
the TCSPC decays. Panels (c-d) show the effects of subunit exchange and 1% SDS on
the decays. Panel (e) shows the effects of 1% SDS on the decay of 1 uM free TMR C6 in
water. Panel (f) is an overlap of the decays for -(TMR C6)2 and B-(TMR)z.
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In Figures 5.11a through 5.11g, the time-resolved fluorescence anisotropy decays
of B-R103C/1305C-(TMR)2, B-1305C-TMR, B-R103C/I305C-(TMR C6)2, and B-R103C-
TMR C6 were recorded before and after subunit exchange was carried out. As a control,
the anisotropy decays of free TMR maleimide and free TMR C6 maleimide were also
recorded. Figures 5.11a and 5.11b indicated that the anisotropy decays of both -
R103C/1305C-(TMR)2 and B-R103C/1305C-(TMR C6). rose upon subunit exchange.
Figure 5.11c overlapped -R103C/I305C-(TMR)2, B-R103C/I305C-(TMR C6)2, and their
corresponding subunit-exchanged samples. The overlap revealed that f-R103C/1305C-
(TMR C6)2 had a lower fundamental anisotropy ro (close to 0.2) than 3-R103C/I305C-
(TMR).. This property indicated that a rapid depolarization occurred in the anisotropy
decay of p-R103C/I305C-(TMR C6)2. Simulations of convolutions of anisotropy decays
with excitation pulse functions of finite width demonstrated that ultrafast processes
within the Instrument Response Function (IRF) can lower the fundamental anisotropy.°
Instantaneous depolarizations in the anisotropy decays of Azotobacter vinelandii
apoflavodoxin have been attributed to a 50-ps energy migration among tryptophans.12% 121
The anisotropy decays of constructs of fluorescent proteins such as Cerulean-Cerulean
and Venus-Venus displayed rapid depolarizations suggesting energy migrations/energy
transfers between “like” molecules.'?? The trends from Figures 5.11a through 5.11c
suggested that energy transfers like homo-Forster Resonance Energy Transfer (homo-
FRET) were occurring at the doubly-labeled interfaces and that subunit exchange
disrupted the energy transfers by decreasing the number of dyes per interface. FRET is

considered to be a dynamic quenching mechanism. Therefore, the stronger degree of
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energy transfer observed with 3-R103C/I305C-(TMR C6). caused the greater degree of
dynamic quenching in the TCSPC decay of 3-R103C/I305C-(TMR C6)2 in Figure 5.10f.
Figure 5.11d revealed that the anisotropy decay of B-1305C-TMR did not change
upon subunit exchange. Figure 5.11e indicated that the anisotropy decays of subunit-
exchanged f-R103C/1305C-(TMR)2 and p-R103C/1305C-(TMR C6) closely overlapped
with those of B-1305C-TMR suggesting that enough subunit exchange occurred to disrupt
the likely energy transfers at the doubly labeled interfaces. Figure 5.11f showed the
anisotropy decays of free TMR maleimide and free TMR C6 maleimide decaying quickly
with a rotational correlation time of a few hundred picoseconds as would be expected of
free dyes. Figure 5.11g revealed that the anisotropy decay of B-R103C-TMR C6 did not

significantly change upon subunit exchange.
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Figure 5.11: Anisotropy decays before and after subunit exchange of $-R103C/1305C-
(TMR)2 (a,c, and ¢), B-1305C-TMR (d and e), B-R103C/1305C-(TMR C6)2 (b,c and e), B-
R103C-TMR C6 (g), free TMR maleimide (f), and free TMR C6 maleimide (f). All dye-
labeled B concentrations were 0.5 uM. For subunit exchange, a twenty-fold excess of
unlabeled wild-type f (10 uM) was mixed with 0.5 uM dye-labeled 3. The subunit-
exchanged samples were stored for two days at room temperature in the dark. All free
dye concentrations were 1 UM in water. The excitation wavelength was 540 nm while
the wavelength of collected emission was 575 nm.

For B-R103C/I1305C-(Alexa Fluor 546), and B-1305C-Alexa Fluor 546, TCSPC
decays were collected before and after y complex and SDS were added and before and
after subunit exchange was carried out. The TCSPC fitting parameters are reported in
Table 6.3. As shown in Figure 5.12a, the TCSPC decay of B-(Alexa Fluor 546), was
initially quenched with three fluorescence lifetimes recovered from the fitting (11 = 3.1 ns
(16%), 12 = 0.8 ns (34%), and 13 = 0.1 ns (50%)). The average fluorescence lifetime of -
(Alexa Fluor 546)> was 0.8 ns. It was surprising that this short 3 was still present
because no clear H-dimers were detected in the absorbance scans of Figures 5.5a and
5.5¢c. However, that slightly raised absorbance shoulder of B-(Alexa Fluor 546) could
indicate weak aggregation.

In Figure 5.12a, when y complex was added or when subunit exchange was
carried out, the TCSPC decay kinetics of B-(Alexa Fluor 546)> moderately lengthened
with an average fluorescence lifetime of 1.5 ns. When SDS was added to -(Alexa Fluor
546),, a longer lifetime of 3.8 ns was recovered.

In Figure 5.12b, the TCSPC decay of B-1305C-Alexa Fluor 546 could be fit with
two lifetimes (11 = 3.8 ns (90%) and 12 = 1.3 ns (10%)). When y complex was added and
when subunit exchange was carried out, the TCSPC decay kinetics did not change in
agreement with the absorbance trends from Figure 5.5d and the excitation trends from

Figure 5.6b. When SDS was added, the TCSPC decay kinetics negligibly changed in
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agreement with the absorbance trends from Figures 5.5b and 5.5d and the excitation
trends from Figure 5.6b.

In Figure 5.12c, the TCSPC decay of free Alexa Fluor 546 Cs maleimide was
initially quenched with three lifetime components (11 = 3.4 ns (21%), 12 = 1.6 ns (41%),
and t3 = 0.2 ns (38%)). The TCSPC decay kinetics of this free dye were surprising
because a monoexponential decay had been expected. Dissolving the free Alexa Fluor
546 in D20 also resulted in a triexponential decay (t1 = 3.5 ns (32%), 12 = 1.5 ns (32%),
and t3 = 0.2 ns (36%)). However, the addition of SDS to the aqueous solution or
dissolving the dye in ethanol resulted in biexponential decays that were not as quenched.

Matsumoto et al. reported that a donor-excited photoinduced electron transfer
(PET) can occur between BODIPY dyes and maleimide reactive groups. The position of
the maleimide group was varied to determine the effects of the maleimide on the PET.
Ortho-substituted maleimide derivatives of BODIPY displayed the strongest PET and
therefore the strongest fluorescence quenching. Meta-substituted maleimide derivatives
of BODIPY displayed somewhat weaker PET and therefore less fluorescence quenching.
Para-substituted maleimide derivatives of BODIPY displayed the least PET, the least
fluorescence quenching, and the strongest fluorescence signal. However, when the o-
maleimideBODIPY was reacted with thiols, there was a substantial enhancement of the
fluorescence (350-fold).*?®

In light of these findings, we decided to do TCSPC measurements of all free dyes
before and after the addition of dithiothreitol (DTT). The TCSPC fitting parameters are
reported in Table 6.4. Figures 5.14a and 5.14c indicated that the TCSPC decay Kinetics
of free TMR maleimide and free TMR C6 maleimide were unaffected by DTT. Figures
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6.7a and 6.7b reveal that both TMR dyes have para-substituted maleimide groups.

Hence, any PET will be minimized before DTT is even added. In contrast, when DTT
was added to free Alexa Fluor 546 maleimide in Figure 5.14b, the quenched
triexponential TCSPC decay (t1 = 3.1 ns (32%), t2 = 1.3 ns (33%), and t3 = 0.2 ns (35%))
became a monoexponential decay with a fluorescence lifetime of 3.8 ns. Figure 6.7¢c
reveals that the free Alexa Fluor 546 has a meta-substituted maleimide group. Hence,
there will be appreciable PET between the Alexa Fluor 546 and its maleimide moiety. In
Figure 5.14d, when DTT was added to free Alexa Fluor 488 maleimide, the biexponential
TCSPC decay (t1 = 4.0 ns (81%) and 12 = 1.7 ns (19%)) became a monoexponential
decay with a fluorescence lifetime of 4.0 ns. Figure 6.7d reveals that the free Alexa Fluor
488 consists of a mixture of meta- and para-substituted maleimide groups. Hence, the
degree of PET between Alexa Fluor 488 and its maleimide moiety will be intermediate to
that of TMR and Alexa Fluor 546.

Absorbance scans and excitation scans of the free rhodamine maleimide dyes
without and with DTT supported the trends in the TCSPC measurements. Figure 6.2
revealed no changes in the shapes of the absorbance scans of any of the free rhodamine
maleimide dyes with DTT. Figure 6.4 indicated negligible changes to the fluorescence
intensities and shapes of the excitation scans of free TMR maleimide, free TMR C6
maleimide, and free unreactive TAMRA with DTT. While Figures 6.6¢ and 6.6d
displayed no changes to the shapes of the excitation scans of free Alexa Fluor 546
maleimide and free Alexa Fluor 488 maleimide with DTT, Figure 6.6a indicated a 2-fold
increase in the fluorescence intensity of free Alexa Fluor 546 maleimide with DTT, and
Figure 6.6b indicated a modest increase in the fluorescence intensity of free Alexa Fluor
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488 maleimide with DTT. The higher enhancement in fluorescence intensity observed
with free Alexa Fluor 546 maleimide upon addition of DTT matched the pronounced
increase in its fluorescence lifetime under the same conditions. The modest enhancement
in fluorescence intensity observed with free Alexa Fluor 488 maleimide upon addition of

DTT matched the modest increase in its fluorescence lifetime under the same conditions.
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Figure 5.12: TCSPC decays of B-R103C/1305C-(Alexa Fluor 546)2 (a), B-1305C-Alexa
Fluor 546 (b), and free Alexa Fluor 546 maleimide (c). All dye-labeled B concentrations
were 0.5 uM. For subunit exchange, a twenty-fold excess of unlabeled wild-type B (10
HM) was mixed with 0.5 pM dye-labeled B. The subunit-exchanged samples were stored
for two days at room temperature in the dark. The excitation wavelength was 540 nm
while the wavelength of collected emission was 575 nm. Panels (a) and (b) show the
effects of 2 uM y complex, 1% SDS, and subunit exchange on the TCSPC decays. Panel
(c) shows the effects of 1% SDS, D,0, and ethanol on the TCSPC decay of free Alexa
Fluor 546 maleimide.

In Figures 5.13a and 5.13b, the time-resolved fluorescence anisotropy decays of

B-R103C/I305C-(Alexa Fluor 546), and B-1305C-Alexa Fluor 546 were recorded before
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and after subunit exchange was carried out. As a control, the anisotropy decay of free
Alexa Fluor 546 maleimide was also recorded. Figure 5.13a indicated that the anisotropy
decay of B-R103C/I305C-(Alexa Fluor 546), displayed an instantaneous depolarization
with a ro close to 0.2 as was observed with f-R103C/1305C-(TMR C6), and that the
anisotropy decay rose upon subunit exchange. This rapid depolarization strongly
suggested that energy transfers and dynamic quenching were occurring at the doubly
labeled interfaces. It should also be noted both TMR C6 and Alexa Fluor 546 had longer
linkers. In summary, the quenching in B-(Alexa Fluor 546), was a combination of static
and dynamic quenching but with a larger degree of dynamic quenching.

Figure 5.13b revealed that the anisotropy decay of B-1305C-Alexa Fluor 546 did
not change upon subunit exchange. Figure 5.13b also showed the anisotropy decay of
free Alexa Fluor 546 maleimide decaying quickly with a rotational correlation time of a

few hundred picoseconds as would be expected of free dyes.
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Figure 5.13: Anisotropy decays before and after subunit exchange of -R103C/I305C-
(Alexa Fluor 546)2 (a), B-1305C-Alexa Fluor 546 (b), and free Alexa Fluor 546 maleimide
(b). All dye-labeled B were 0.5 uM. For subunit exchange, 10 uM unlabeled wild-type
was mixed with 0.5 pM dye-labeled B. The samples were stored for two days at room
temperature in the dark. All free dye were 1 uM in water. The excitation wavelength
was 540 nm while the wavelength of collected emission was 575 nm.
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Figure 5.14: TCSPC decays of free TMR maleimide (a: Aex = 540 nm, Aem = 590 nm),
free Alexa Fluor 546 maleimide (b: Aex = 540 nm, Aem = 570 nm), free TMR C6
maleimide (c: Aex = 540 nm, Aem = 590 nm), and free Alexa Fluor 488 maleimide (d: Aex
= 500 nm, Aem = 540 nm) in water. Panels (a-d) show the effects of 5 mM DTT on the
TCSPC decays of the 1 uM free dyes.

For B-R103C/1305C-(Alexa Fluor 488). and B-1305C-Alexa Fluor 488, TCSPC

decays were collected before and after y complex and SDS were added and before and

after subunit exchange was carried out. The TCSPC fitting parameters are reported in

Table 6.5. As shown in Figures 5.15a and 5.15c¢, the TCSPC decay of 3-(Alexa Fluor

488). was initially quenched with three fluorescence lifetimes recovered from the fitting

(t1 = 3.3 ns (21%), 2 = 1.1 ns (13%), and t3 = 0.1 ns (67%)). The average fluorescence

lifetime of B-(Alexa Fluor 488)2was 0.9 ns. It was surprising that this short 13 was still

present because no clear H-dimers were detected in the absorbance scans of Figure 5.7a.

Unlike B-(Alexa Fluor 546),, there was no slightly raised short-wavelength absorbance
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shoulder indicating weak aggregation. This fact suggested that the quenching in -(Alexa
Fluor 488)., was entirely dynamic.

In Figures 5.15a and 5.15¢, when y complex was added or when subunit exchange
was carried out, the TCSPC decay kinetics of p-R103C/1305C-(Alexa Fluor 488)>
moderately lengthened with an average fluorescence lifetime of 2.1 ns. When SDS was
added to B-R103C/I305C-(Alexa Fluor 488)., a longer lifetime of 4.0 ns was recovered.

In Figures 5.15b and 5.15d, the TCSPC decay of B-1305C-Alexa Fluor 488 could
be fit with two lifetimes (t1 = 3.9 ns (89%) and 12 = 1.1 ns (11%)). When y complex was
added and when subunit exchange was carried out, the TCSPC decay kinetics did not
change in agreement with the absorbance trends from Figure 5.7b and the excitation
trends from Figure 5.8b. When SDS was added, the TCSPC decay kinetics negligibly
changed in agreement with the absorbance trends from Figure 5.7b and the excitation
trends from Figure 5.8b.

In Figures 5.16a through 5.16¢, the time-resolved fluorescence anisotropy decays
of B-R103C/I305C-(Alexa Fluor 488), and B-1305C-Alexa Fluor 488 were recorded
before and after subunit exchange was carried out. As a control, the anisotropy decay of
free Alexa Fluor 488 maleimide was also recorded. Figure 5.16a indicated that the
anisotropy decay of B-R103C/1305C-(Alexa Fluor 488). displayed an instantaneous
depolarization with a ro close to 0.2 as was observed with f-R103C/1305C-(TMR C6).
and f-R103C/1305C-(Alexa Fluor 546). Figure 5.16a also indicated that the anisotropy
decay rose upon subunit exchange. This rapid depolarization strongly suggested that
energy transfers and dynamic quenching were occurring at the doubly labeled interfaces.
A similar rapid depolarization was reported for anisotropy decays of phospholipid
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bilayers with a high membrane surface density of Alexa Fluor 488-labeled lysozyme.?*
It should also be noted that TMR C6, Alexa Fluor 546, and Alexa Fluor 488 all had
longer linkers. With no signs of aggregation in the absorbance scans and with evidence
of energy transfers, the quenching in f-R103C/1305C-(Alexa Fluor 488). was entirely
dynamic.

Unfortunately, it was difficult to determine which dynamic quenching mechanism
was responsible for the quenched TCSPC decays of f-R103C/I305C-(Alexa Fluor 488)..
We did have strong evidence for homo-FRET occurring at the doubly labeled interfaces,
and FRET is considered to be a dynamic quenching mechanism. However, homo-FRET
only decreases the fluorescence anisotropy, not the fluorescence lifetime or intensity.
Since both donor and acceptor are chemically identical, the gain of the acceptor’s lifetime
and intensity should be offset by the loss of the donor’s lifetime and intensity. Hence,
there should be no overall change in the fluorescence lifetime or intensity.?
Interestingly, recent evidence in literature have indicated that homo-FRET might
decrease the fluorescence lifetime. Homo-FRET was reported as shortening the
fluorescence lifetime of constructs of fluorescent proteins such as Cerulean-Cerulean and
Venus-Venus by a few hundred picoseconds.'?? The fluorescence lifetime of enhanced
Green Fluorescent Protein (eGFP) decreased by a few hundred picoseconds upon the
expression of eGFP in expanded, aggregated polyglutamine (polyQ) tracts.1?® Studies of
antibodies labeled with multiple Seta-670 dyes observed decreases in fluorescence
lifetime that were once again attributed to homo-FRET.'?’ Nicoli et al. studied energy
cascades on DNA origami constructs. For one of their constructs triply-labeled with
cyanines, they observed instantaneous depolarizations in the anisotropy decays indicating
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homo-FRET and a concomitant fluorescence lifetime shortening. Nicoli et al. speculated
that homo-FRET can decrease the fluorescence lifetime if the identical dyes are not in
identical environments.? This present study suggested that the dynamic quenching
mechanism responsible for the quenched TCSPC decays of 3-(Alexa Fluor 488), was
homo-FRET.

Figure 5.16b revealed that the anisotropy decay of B-1305C-Alexa Fluor 488 did
not change upon subunit exchange. Figure 5.16¢ showed the anisotropy decay of free
Alexa Fluor 488 maleimide decaying quickly with a rotational correlation time of a few

hundred picoseconds as would be expected of free dyes.
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Figure 5.15: TCSPC decays of p-R103C/1305C-(Alexa Fluor 488)2 (a and ¢), p-1305C-
Alexa Fluor 488 (b and d), and free Alexa Fluor 488 maleimide (e). All dye-labeled
were 0.5 uM. For subunit exchange, 10 uM unlabeled wild-type p was mixed with 0.5
MM dye-labeled B. The samples were stored for two days at room temperature in the
dark. The excitation wavelength was 500 nm while the wavelength of collected emission
was 540 nm. Panels (a-b) show the effects of 2 uM y complex and 1% SDS on the
decays. Panels (c-d) show the effects of subunit exchange on the decays. Panel (e) shows
the effects of 1% SDS on the decay of 2 uM free Alexa Fluor 488 maleimide in water.
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Figure 5.16: Anisotropy decays of B-R103C/I305C-(Alexa Fluor 488) (a), p-1305C-
Alexa Fluor 488 (b), and free Alexa Fluor 488 maleimide (c). All dye-labeled
concentrations were 0.5 uM. For subunit exchange, a twenty-fold excess of unlabeled
wild-type B (10 pM) was mixed with 0.5 uM dye-labeled . The subunit-exchanged
samples were stored for two days at room temperature in the dark. All free dye
concentrations were 1 uM in water. The excitation wavelength was 500 nm while the
wavelength of collected emission was 540 nm.
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Figure 5.17: PyMOL Image of E. coli  clamp. Red and blue indicate the locations of
the two amino acid residues at the interface that were mutated into cysteines and labeled
with rhodamine dyes. Red is 1305 and blue is R103.
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Figure 5.18: Distance between the two 1305 residues on the E. coli  clamp. The
distance was calculated from alpha carbon to alpha carbon. Figure by courtesy of
Anirban Purohit.

55  Conclusions

This study demonstrated that both TMR and TMR C6 dyes can readily form H-
dimers at the doubly-labeled interfaces of the B clamps. The formation of ground-state
H-dimers indicated static quenching for both TMR and TMR C6. However, the shorter
linker TMR displayed a larger degree of static quenching while the longer linker TMR
C6 displayed a larger degree of dynamic quenching with concomitant instantaneous

depolarizations in the anisotropy decays indicating homo-FRET and fluorescence lifetime
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shortenings. For Alexa Fluor 546 at the doubly-labeled interfaces, absorbance scans and
excitation scans suggested weak aggregation with intermediate geometry between that of
H-dimers and J-dimers. However, for Alexa Fluor 546, the degree of dynamic quenching
was stronger with concomitant instantaneous depolarizations in the anisotropy decays
indicating homo-FRET and fluorescence lifetime shortenings. For Alexa Fluor 488 at the
doubly-labeled interfaces, there were no clear signs of ground-state dimerization in the
absorbance scans. Instead, for Alexa Fluor 488, the quenching was entirely dynamic with
concomitant instantaneous depolarizations in the anisotropy decays indicating homo-
FRET and fluorescence lifetime shortenings. The three dyes (TMR C6, Alexa Fluor 546,
and Alexa Fluor 488) that displayed a greater degree of dynamic quenching all had longer
linkers. Therefore, the linker length might play a role in governing the

interchromophoric interactions.
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CHAPTER SIX
SUPPORTING INFORMATION:
INTERCHROMOPHORIC EFFECTS OF TMR AND ALEXA FLUOR DYES ON E.

COLI DNA PROCESSIVITY CLAMPS

6.1  Ensemble Absorbance and Excitation Scans of Free Dyes
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Figure 6.1: Absorbance scans of free TMR maleimide (a), free Alexa Fluor 546
maleimide (b), free TMR C6 maleimide (c), free Alexa Fluor 488 maleimide (d), and free
unreactive 5-TAMRA in water (e). Panels (a-e) show the effects of 1% SDS on the
shapes of the absorbance scans of 1 uM free dyes.
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Figure 6.2: Absorbance scans of free TMR maleimide (a), free Alexa Fluor 546
maleimide (b), free TMR C6 maleimide (c), free Alexa Fluor 488 maleimide (d), and free
unreactive 5-TAMRA in water (e). Panels (a-e) show the effects of 5mM DTT on the
shapes of the absorbance scans of 1 uM free dyes.
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Figure 6.3: Excitation scans of free TMR maleimide (a and d), free TMR C6 maleimide
(b and e), and free unreactive 5-TAMRA (c and f). All dye concentrations were 1 uM.
The excitation was scanned from 400 nm to 610 nm, and the emission was collected at
625 nm. Panels (a-c) and panels (d-f) show the effects of 1% SDS on the intensities and
shapes of the excitation spectra.
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Figure 6.4: Excitation scans of 1 uM TMR maleimide (a and d), TMR C6 maleimide (b
and e), and 5-TAMRA (c and f). (Aex scanned from 400 nm to 610 nm, Aem collected at
625 nm). Panels (a-c) and (d-f) show the effects of 5 mM DTT on the intensities and

shape of the excitation scans.

128



Free Alexa Fluor 546 maleimide b Free Alexa Fluor 488 maleimide
Free Alexa Fluor 546 -
] Free Alexa Fluor 546-SDS 7x10" Free Alexa Fluor 488
5x107 Free Alexa Fluor 488-SDS
6x10"
4x10" - 5x10 -
=2 >
Z3x10 4 4x10” o
= =
3 | Bax107
T2x10" - 8
5 2
S 22x10"
(&1 . o
1107 4 i
1x10"
04 o
T T T T \
450 500 550 800 650 400 450 500 550
Wavelength (nm) Wavelength (nm)
Free Alexa Fluor 546 maleimide d Free Alexa Fluor 488 maleimide
Free Alexa Fluor 546 q Free Alexa Fluor 488
104 Free Alexa Fluor 546-SDS 104 Free Alexa Fluor 483-SDS
0.8 0.8 -
= =
= z
2
E 0.6 E 0.6 -
o h=4
[0 @D
N
2 044 T 0.4
E 5
o
z z
0.2+ 024
0.0 0.0+
T T T T 1 T T T 1
450 500 550 600 650 400 450 500 550
Wavelength (nm) Wavelength (nm)

Figure 6.5: Excitation scans of free Alexa Fluor 546 maleimide (a and c: Aex Scanned
from 400 nm to 610 nm, Aem collected at 625 nm) and free Alexa Fluor 488 maleimide (b
and d: Aex scanned from 400 nm to 535 nm, Aem collected at 570 nm) in water. All free
dye concentrations were 1 uM. Panels (a-b) and panels (c-d) show the effects of 1% SDS
on the intensities and shapes of the excitation spectra respectively.
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Figure 6.6: Excitation scans of free Alexa Fluor 546 maleimide (a and c: Aex Scanned
from 400 nm to 610 nm, Aem collected at 625 nm) and free Alexa Fluor 488 maleimide (b
and d: Aex scanned from 400 nm to 535 nm, Aem collected at 550 nm) in water. All free
dye concentrations were 1 uM. Panels (a-b) and panels (c-d) show the effects of 5 mM
DTT on the intensities and shapes of the excitation spectra respectively.

130




6.2  Structures of Free Rhodamine Dyes
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Figure 6.7: Structures of Rhodamines. Tetramethylrhodamine-5-Maleimide!?® (a), 5-
TAMRA C6 Maleimide®® (b), Alexa Fluor 546 Cs Maleimide®! (c), and Alexa Fluor
488 Cs Maleimide®® (d).
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6.3  Ensemble Emission Scans of Dye-Labeled p Clamps
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Figure 6.8: Emission scans of p-R103C/I305C-(TMR): (a and ¢) and B-1305C-TMR (b
and d). All dye-labeled B were 0.5 uM. The excitation was fixed at 490 nm, and the
emission was scanned from 505 nm to 700 nm. Panels (a-b) and panels (c-d) show the
effects of 2 uM y complex and 1% SDS detergent on the intensities and shapes of the

emission spectra.
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Figure 6.9: Absorbance scans of 0.5 uM B-R103C/I305C-(TMR C6) before and after the
addition of 2 uM y complex.
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Figure 6.10: Emission scans of B-R103C/I305C-(TMR C6)2 (a and ¢) and p-R103C-
TMR C6 (b and d). All dye-labeled  were 0.5 uM. The excitation was fixed at 490 nm,
and the emission was scanned from 505 nm to 700 nm. Panels (a-b) and panels (c-d)
show the effects of 1% SDS on the intensities and shapes of the emission spectra.
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Figure 6.11: Emission scans of 3-R103C/I305C-(Alexa Fluor 546), (a and c¢) and f3-
1305C-Alexa Fluor 546 (b and d). All dye-labeled B concentrations were 0.5 uM. The
excitation was fixed at 535 nm, and the emission was scanned from 540 nm to 700 nm.
Panels (a) and (b) and panels (c) and (d) show the effects of 2 uM y complex and 1%
SDS detergent on the intensities and shapes of the emission spectra respectively.
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Figure 6.12: Emission scans of 3-R103C/I305C-(Alexa Fluor 488) (a and c¢) and [3-
1305C-Alexa Fluor 488 (b and d). All dye-labeled B were 0.5 uM. The excitation was
fixed at 465 nm, and the emission was scanned from 475 nm to 700 nm. Panels (a-b) and
(c-d) show the effects of 1% SDS on the intensity and shape of the emission spectra.
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6.4 Ensemble Absorbance and Fluorescence Scans with Proteinase K
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Figure 6.13: Absorbance, excitation, and emission scans of 3-R103C/I305C-(TMR)z..

All dye-labeled  were 0.5 uM. For the excitation scans, the excitation was scanned from
400 nm to 610 nm, and the emission was collected at 625 nm. For the emission scans,
the excitation was fixed at 490 nm, and the emission was scanned from 505 nm to 700
nm. Panel (a) shows the effects of Proteinase K on the absorbance spectrum while panels
(b and c) show the effects of Proteinase K on the intensities and shapes of the excitation

and emission spectra.
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6.5  TCSPC Fitting Parameters of Dye-Labeled  Clamps

Ty (nm) g, () T @) T, @9 (@)

B-(TMR), 540 575 (422';) (218;) (3%014)

B-(TMR),-y complex 540 575 (825'02 ) ( 1(?5;) )

B-(TMR),-SDS o 515 | 837-(‘;) ) (1%02 )

B-TMR 540 575 (821"’7A>) (1%‘?%))

B-TMR-y complex 540 575 (822.06%) (1%‘;) )

B-TMR-SDS 540 575 (839"4’;)) (101.034,)

B-(TMR), 540 575 ( 430'024 ) (312'034)) (2%‘;))
- -subuni

e 0|55 | iy | o)

B-TMR 540 575 (821'08A)) (109.;))

cchnge 9 | 55| iy | oo

Free TMR maleimide 540 575 a (%6%%)

1;;-; TMR maleimide- 540 575 (833."’2) (107';) )

B-(TMR), 540 575 ( 42302 ) (2%;)) (30401/0)

B-(TMR),-px 540 575 (923'06/0 ) ((7)6/%)

Table 6.1: Fitting parameters for the TCSPC decays of B-(TMR)2, B-TMR, and free
TMR maleimide. Dye-labeled B were 0.5 pM. Subunit exchange: 10 uM unlabeled wt-3
was mixed with 0.5 pM dye-labeled 3 and stored for two days at RT. 2 uM y complex,
1% SDS, and Proteinase K were also added to the . Free dye were 1 uM in water. The
decays were fitted with exponential terms, as needed to obtain random residuals.
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;“Ex ;“Em Tl (ns) T2 (IIS)
(nm) (nm)

B-(TMR C6), 540 | 575 | 2.7 (24%) | 0.8 (23%) 0.1 (53%)

-(TMR C6),-
Eo(mple Y| sa0 | 575 | 25 (a%) | 04 6%

X

-(TMR C6),-
gés )2 540 | 575 | 3.4 (80%) | 0.3 (20%)
B-(TMR C6), 540 | 575 | 2.5 (20%) 0.7 (24%) 0.1 (56%)

-(TMR C6),-
P , )2 540 | 575 | 3.0 (45%) 1.0 (18%) 0.1 (37%)
subunit exchange

-(TMR C6),-
gés )2 540 | 575 | 3.4 (81%) | 0.4 (19%)
B-TMR C6 540 | 575 | 3.0 (82%) 0.6 (18%)
B-TMR C6-
subunit exchange | 530 | 575 | 3.1 (84%) 0.7 (16%)
B-TMR C6-SDS 540 | 575 | 3.4 (82%) 0.3 (18%)
L I L0 540 | 575 | 2.4 (100%)
maleimide
Free TMR C6 o o
e 540 | 575 | 3.4 (83%) 0.2 (17%)

Table 6.2: Fitting parameters for the TCSPC decays of B-R103C/I305C-(TMR C6)2, -
R103C-TMR C6, and 1 uM free TMR C6 maleimide in water. All dye-labeled B were
0.5 uM. For subunit exchange, 10 uM unlabeled wild-type B was mixed with 0.5 uM
dye-labeled B. The samples were stored for two days at room temperature in the dark. 2
pM v complex and 1% SDS were also added to the dye-labeled B. The TCSPC decays
were fitted with one, two, or three exponentials as needed to obtain random residuals.
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;“Ex ;“Em Tl (ns) TZ (llS)

(nm) (nm)
B-(AF546), 540 | 575 3.1 (16%) 0.8 (34%) 0.1 (50%)
B-(AF546),-1

540 | 575 3.4 (34%) 1.0 (28%) 0.1 (38%)
complex
B-(AF546),-SDS | 540 | 575 | 3.8 (93%) 0.6 (7%)
B-(AF546),- . ) )
subunit exchange 540 | 575 3.7 36%) 0.9 (25%) 0.1 (39%)
RIS 540 | 575 | 3.8 (90%) | 1.3 (10%)
B-AF546-y
complex 540 | 575 3.8 (89%) 1.3 (11%)
B-AF546-SDS 540 | 575 3.7 (93%) 0.7 (7%)
B-AF546-subunit
exchange 540 | 575 3.8 (90%) 1.4 (10%)
Free AF546 4 NI : " 5 )
maleimide-water | 240 | 375 | 3.4 21%) 6 (41%) 0.2 (38%)
Free AF546 4 oL . .
maleimide-SDS 540 | 575 3.7 (82%) 1 (18%)
Free AF546 . ) )
maleimide-D,0 540 | 575 3.5 (32%) 1.5 (32%) 0.2 (36%)
Free AF546
maleimide- 540 | 575 3.6 (87%) 0.8 (13%)
ethanol

Table 6.3: Fitting parameters for the TCSPC decays of B-R103C/1305C-(Alexa Fluor
546)2, B-1305C-Alexa Fluor 546, and free Alexa Fluor 546 maleimide. All dye-labeled
concentrations were 0.5 uM. For subunit exchange, a twenty-fold excess of unlabeled
wild-type B (10 uM) was mixed with 0.5 uM dye-labeled B. The subunit-exchanged
samples were stored for two days at room temperature in the dark. 2 uM y complex and
1% SDS were also added to the dye-labeled . The TCSPC decays were fitted with one,
two or three exponential terms, as needed to obtain random residuals.
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T, (ns) T, (ns)

Free TMR
maleimide 540 590 2.3 (91%) 1.0 (9%)

Free TMR
maleimide-DTT 540 590 2.3 (100%)

Free TMR C6
maleimide 540 | 590 | 2.4 (100%)

Free TMR C6
maleimide-DTT | 540 | 590 | 2.4 (100%)

Free AF546
maleimide 540 570 3.1 (32%) 1.3 (33%) 0.2 (35%)

Free AF546
maleimide-DTT 540 570 3.8 (100%)

Free AF488
maleimide 500 540 4.0 (81%) 1.7 (19%)

Free AF488
maleimide-DTT 500 540 | 4.0 (100%)

Table 6.4: Fitting parameters for the TCSPC decays of 1 UM free TMR maleimide, TMR
C6 maleimide, Alexa Fluor546 maleimide, and Alexa Fluor 488 maleimide in water
before and after the addition of excess 5 mM DTT. The TCSPC decays were fitted with
one, two or three exponential terms, as needed to obtain random residuals.
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gy T (0S) T, (ns)
B-(AF488), 500 | 540 3.2 (23%) 0.8 (12%) 0.1 (65%)
B-(AF488),-y 500 | 540 3.7 (63%) 1.5 (8%) 0.1 (29%)
complex
B-(AF488),- 500 | 540 3.9 (95%) 1.0 (5%)
SDS
B-AF488 500 | 540 3.9 (89%) 1.1 (11%)
B-AF488-y 500 | 540 3.8 (89%) 1.4 (11%)
complex
B-AF488-SDS 500 | 540 3.9 (90%) 1.6 (10%)
B-(AF488) 500 | 540 3.3 (21%) 1.1 (13%) 0.1 (67%)
2
B-(AF488),- 500 | 540 4.0 (48%) 1.7 (11%) 0.1 (41%)
subunit
exchange
B-(AF488),- 500 | 540 4.0 (90%) 2.0 (10%)
SDS
B-AF488 500 | 540 3.9 (76%) 1.9 (24%)
B-AF488- 500 | 540 3.9 (75%) 1.9 (25%)
subunit
exchange
B-AF488-SDS 500 | 540 3.8 (75%) 2.0 (25%)
Free AF488 500 [ 540 4.0 (76%) 1.6 (24%)
maleimide
Free AF488 500 | 540 3.9 (78%) 1.6 (22%)
maleimide-SDS

Table 6.5: Fitting parameters for the TCSPC decays of f-R103C/I305C-(Alexa Fluor
488)2, B-1305C-Alexa Fluor 488, and free Alexa Fluor 488 maleimide. All dye-labeled
were 0.5 uM. For subunit exchange, 10 uM unlabeled wild-type B was mixed with dye-
labeled B. 2 uM y complex and 1% SDS were added to the dye-labeled B. The TCSPC
decays were fitted with one, two, or three exponentials as needed to obtain random
residuals.
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CONCLUSIONS

This thesis focused on the efforts to understand the photophysics of BODIPY
dyes and rhodamine dyes when they are in close proximity to each other. The ability to
use these dyes in biological applications relies on an understanding of the fundamental
photophysics of these dyes. Chapter 3 detailed a spectroscopic investigation of the
photophysics of BODIPY dyes noncovalently encapsulated in different micellar
environments. Amphiphilic polymers with a hydrophobic character and a low Critical
Micelle Concentration (CMC) adequately shielded the BODIPY dyes from the aqueous
medium even under moderate dye-loading conditions. Moderate dye loading conditions
did not result in ground-state dimerization, and only fluorescence lifetimes and
brightnesses were affected. Amphiphilic polymers with a hydrophilic character and a
high CMC were unable to shield the BODIPY dyes from the aqueous medium with
concomitant ground-state dimerization and quenching of the fluorescence intensity,
lifetime, and brightnesses even under low dye loading conditions. Chapter 5 detailed a
spectroscopic investigation of interchromophoric interactions at the doubly-labeled
interfaces of E. coli DNA Processivity B clamps for four rhodamine dyes: TMR, TMR
C6, Alexa Fluor 546, and Alexa Fluor 488. It was found that both TMR and TMR C6
readily formed H-dimers (static quenching) at the doubly-labeled interfaces, but the
longer linker TMR C6 displayed a larger degree of dynamic quenching manifesting as
instantaneous depolarizations in the anisotropy decays and fluorescence lifetime
shortenings indicating homo-FRET. Alexa Fluor 546 might have displayed a small
degree of static quenching in the absorbance and excitation scans suggesting dimers
intermediate between H-dimers and J-dimers, but Alexa Fluor 488 displayed no signs of
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ground-state dimerization in the absorbance scans. Both Alexa Fluor 546 and Alexa
Fluor 488 displayed larger degrees of dynamic quenching manifesting as instantaneous
depolarizations in the anisotropy decays and fluorescence lifetime shortenings indicating
homo-FRET. It should be noted that the three dyes with longer linkers (TMR C6, Alexa
Fluor 546, and Alexa Fluor 488) displayed a larger degree of dynamic quenching
suggesting that linker length might be one of many important variables that determine the

interchromophoric interactions.
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