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ABSTRACT

Single molecule fluorescence (SMF) microscopy technigques have profoundly changed the way we
can study the dynamics and structure of the microscopic and nanoscopic world. SMF methods,
including cutting-edge super resolution microscopy, allow unprecedented spatiotemporal
resolution and are particularly powerful for the study of heterogeneous and unsynchronized

systems.

In order to unravel the full potential of SMF techniques, many challenges remain to be addressed,
including surface passivation and a thorough mechanistic photochemical and photophysical

understanding of fluorescent dyes and their associated SMF techniques.

The research presented in this thesis aims to address many of the current challenges plaguing SMF
studies by providing key insights behind SMF data analysis related to single molecule Forster
resonance energy transfer (FRET) studies and associated protein induced fluorescent enhancement
(PIFE) studies. Our work provides a mechanistic underpinning for the photochemical and
photophysical behavior of cyanine dyes, of relevance to photostabilization and photoswitching
towards super resolution. These results also provide a framework for sample preparation in terms
of enhanced surface quality for specific substrate immobilization. Armed with these technical
improvements, we next tackled key biophysical aspects related to the mechanism and dynamics of
the viral replication machinery of the Hepatitis C virus (HCV). The non-structural 5B (NS5B)
polymerase of HCV has the remarkable ability to initiate synthesis de novo through a primer
independent mechanism. Through our single molecule work, we report on NS5B binding, sliding,

and searching for the 3’ of its single stranded RNA substrate.

Overall, our work provides new insights on critical aspects of SMF techniques such as sample
preparation, fluorescence signal control, and data analysis. Moreover, it provides an example of
the power of SMS to study relevant biomolecular mechanisms such as the replication machinery

of viruses.



RESUME

Les techniques de microscopie de fluorescence de molécules individuelles (FMI) ont
profondément changé la facon dont nous pouvons mener les études dynamiques et structurelles
aux échelles microscopiques et nanoscopiques. Les méthodes de FMI, y compris la microscopie a
super résolution de pointe, permettent une résolution spatio-temporelle sans précédence et sont

particulierement puissantes pour I'étude des systemes hétérogenes et non synchronises.

Afin d'exploiter tout le potentiel des techniques FMI, de nombreux problémes restent a résoudre.
Ces défis incluent la passivation de surface et une compréhension mécanistique approfondie des
propriétés photochimiques et photophysiques des marqueurs fluorescents et de leurs techniques
FMI associées.

La recherche présentée dans cette these vise a aborder un grand nombre de défis actuels qui
affligent les études FMI, tout en fournissant des informations clés sur 1’analyse des données FMI
liées aux études de transfert d’énergie par résonance de type Forster (FRET) et aux études
associees a augmentation de la fluorescence induite par les protéines (PIFE). Elle fournit un
fondement mécaniste au comportement photochimique et photophysique des marqueurs a base de
cyanine, ce qui est important pour la photostabilisation et la photo-commutation afin d’atteindre
la super résolution. Elle fournit également un cadre pour la préparation des échantillons en termes
d'amélioration de la qualité de surface pour une immobilisation spécifique du substrat. En ayant
établi ces améliorations techniques, nous avons ensuite abordé les aspects principaux de la
pertinence biophysique liés au mécanisme et a la dynamique de la machinerie de réplication virale
du virus de I'hépatite C (VHC). L’ARN polymérase du VHC, la protéine NS5B, posséde la capacité
remarquable d’initier la synthése de novo par un mécanisme indépendant de 1’amorce. Gréce a
notre travail utilisant la microscopie de fluorescence de molécules individuelles, nous rapportons
ici des études sur la liaison et le glissement de la protéine NS5B ainsi que sa capacité a identifier

I’extrémité 3° de son substrat d’ARN a brin simple.

Collectivement, nos travaux fournissent de nouvelles informations sur les aspects principaux des
techniques FMI telles que la préparation des echantillons, le contrdle du signal de fluorescence et

I’analyse des données. De plus, ils fournissent un exemple de la puissance des méthodologies de
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FMI pour étudier des mécanismes biomoléculaires pertinents tels que le mécanisme de réplication

des virus.
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Chapter 1 - Introduction

1 Introduction

In this introductory chapter, we discuss the most important aspects related to single molecule
fluorescence (SMF) imaging techniques. First, in section 1.1, we introduce the fundamentals of
the many processes that occur to a fluorophore upon absorption of a photon and ensuing excitation,
including fluorescence. We follow, in section 1.2, with a brief theoretical description of the
underlying photophysical and photochemical processes associated with single molecule
techniques. Next, in section 1.3, we familiarize the reader with the main SMF techniques utilized
in this thesis work and provide some examples where these techniques have been used to study
molecular machines. Finally, in section 1.4 we discuss relevant chemical aspects associated with
the visualization of single molecules via fluorescence, highlighting some of the challenges of SMF

techniques.

1.1 Electronic Excitation, Decay via Fluorescence, and Competing

Pathways; the Fundamentals

Irradiation of molecules with photons of suitable energy can promote, upon a photon absorption,
an electron from an occupied molecular orbital (OMO) to a higher energy unoccupied molecular
orbital (UMO), where typically the highest (HOMO) and the lowest (LUMO), respectively, are at
play (see Figure 1.1). In the excited state, depending on the adopted spin configuration of the two
electrons in different orbitals, singlet (S1) (spin antiparallel) and triplet (T1) (spin parallel) are

possible.

Photon absorption, occurring on the femtosecond timescale (10°%° s), changes the molecular
electronic configuration from the initial ground state to the electronically excited state. The

absorption of a photon and the multiple pathways a molecule can follow to return to its ground
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state (including fluorescence) is well described by the Perrin-Jablonski diagram (see Figure 1.2).%
3

LUMO +1
| l 1
> LUMO
o
-
Q
W1 Homo
HOMO -1 I l I l I l
Singlet ground First singlet Triplet excited
state excited state state
So S T

Figure 1.1 Molecular orbitals of typical ground (So), excited singlet (S1) and excited triplet
(T1) states in terms of occupied (OMO) and unoccupied (UMO) molecular.Typical electronic
transitions (as shown) occur from the highest OMO (HOMO) to the lowest UMO (LUMO),
however other transitions can involve HOMO-n and LUMO+n levels.

At room temperature the electronic configuration of most organic molecules is that of the singlet
ground state (So), where all electrons are spin paired. Due to selection rules, electronic transitions
must conserve the spin multiplicity.* Absorption of a photon leads to a transition from So to one
of the vibrational levels of an excited singlet state S, (Figure 1.2, green arrows). Molecules in
higher vibrational levels quickly (10%2-10"° s) reach the lowest vibrational level, in a given
electronic excited state, through vibrational relaxation (VR) (Figure 1.2, blue arrows). Molecules
in an electronic states Sn where n>1 (for example n=2) undergo internal conversion (IC) (Figure
1.2, pink arrows) to a high vibrational energy level of the n-1 level, followed by vibrational

relaxation until the first vibrational level of the first singlet excited state is reached S; ,,—;.

Relaxation to the singlet ground state So occurs from the S; ,—; state through several physical
competing pathways. A photon can be emitted via fluorescence (Figure 1.2, orange arrows) to
one of the vibrational levels of the So state. The energy lost through vibrational relaxation results
in emitted photons having energy equal or lesser than the photons that caused the excitation. This
is experimentally reflected by a red-shifted emission spectrum as compared to the absorption
spectrum; the Stokes shift.®> Relaxation to vibrational fundamental state of So can also occur non-

radiatively via internal conversion, followed by vibrational relaxation.
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Figure 1.2 State energy (Perrin-Jablonski) diagram of Singlet and triplet states.’

Alternatively, a molecule in S, ,,-; can undergo spin conversion to reach a triplet excited state T,
such as T1 (see Figure 1.1), a process named intersystem crossing (ISC) (Figure 1.2, grey
arrows). This is a spin forbidden transition, and as such its rate constant is usually significantly
smaller when compared to competing processes such as fluorescence or internal conversion (Table
1.1). While ISC is usually very inefficient, significant overlap of vibrational energy levels between

the states involved (e.g. S; ,=; and T; ,,=,,) can favour this process. Additionally, the presence of

heavy atoms can increase ks Via the so-called “heavy atom effect”.’

Once the first triplet excited state (T1) is populated through IC and VR from Sy, the molecule can
undergo ISC to a high vibrational level of So followed by VR to reach the lowest vibrational level.
Alternatively, and typically at low temperature or in high viscosity media, relaxation occurs with
emission of light, termed phosphorescence. Given that ISC is a spin forbidden process, triplet state
relaxation to the ground singlet state via either ISC or phosphorescence is a slow process (several
orders of magnitude slower) when compared to the S1=> So transition. Therefore, triplet states
represent a bottleneck in the decay process and provide a longer-lived target for irreversible
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photochemical reactions to take place. These reactions ultimately can lead to dramatic changes in

the molecular absorption and emission capabilities (photobleaching).

Singlet and triplet excited states are extremely important in single molecule fluorescence
microscopy. While singlets are the states that provide the necessary photons to be detected, triplets
are associated with undesired signal fluctuations and photobleaching. In section 1.4.2, we will
revisit triplet states and discuss how extension of survival times as well as minimization of
undesired fluctuations can be achieved through shortening the time molecules reside in this state.

Table 1.1. Typical timescale for the various processes described in the Perrin -Jablonski
diagram.* 8

o Rate constant
Process Transition involved o Rate constant (s)
abbreviation

Absorption So = Sp k. 105

Internal conversion Sh =S Ty~ Ty kic 10%0-10%
Vibrational relaxation Snv=n = Snv=1 k., 1010-1012
Fluorescence S — So k, 107-10"2
Intersystem crossing  S; > Ty, S, = Ty, Ty = Sy kisc 10°-10%
Internal conversion S; = So kic 106-10°
Phosphorescence T, = S ky 10%-10°

1.2 Photophysical and Photochemical Processes Behind Single

Molecule Fluorescence Techniques

Several photophysical and photochemical processes are key to single-molecule techniques. While
these processes apply to all fluorophores, we will introduce them in the context of Cyanines as this
is the main family of dyes utilized in this work. We will start with a brief introduction to trans-cis
photoisomerization (key for single molecule protein induced fluorescence enhancement, sSmPIFE).
Then, a description of Forster Resonance energy transfer (key for sSmFRET) will be provided.
Importantly, smPIFE and sSmFRET have been widely utilized to study protein and DNA dynamics
and interactions. Notably, smPIFE and smFRET are two “molecular rulers” that work on different
length scales, making it desirable to combine smPIFE and SmFRET into one single experiment.

We next discuss the challenge of combining PIFE and FRET techniques as they are seemingly
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incompatible. Finally, a theoretical description of Photoinduced electron transfer (PeT) (key to

extend the survival time of fluorophores) will be presented.

1.2.1 Trans-cis Photoisomerization

Cyanine (Cy) dyes such as Cy3 and Cy5 (Figure 1.3, Panel a, top) are the most popular dyes used
in single molecule fluorescence spectroscopy. One of the most important characteristics of Cy3
and Cy5 is their ability to undergo isomerization around the C-C bonds of the polymethine chain.
In the ground state, Cy3 and Cy5 dyes exist in the all-trans conformation. Upon absorption of
light, Cy3 and Cy5 can isomerize to the cis form, which will next thermally reverse to the all-trans

conformation.

As first proposed by Rulliere, the photoisomerization process of Cy dyes can be described by a
potential energy surface (PES) diagram (Figure 1.3, Panel b).° Upon excitation (green arrow), the
singlet excited state of the fluorophore (S:1) can relax through various competing pathways to
recover the singlet ground state of the fluorophore (So). The most efficient processes are
fluorescence (orange arrow), internal conversion (blue arrow), and via rotation of two carbons of

the polymethine chain (red arrow).

a b trans  twisted  cis
L L 1
1 1 T
N ke t

‘048 Cy3 S0y 0s8 Cy5 S0y
’ \}7\ / \ /_(\ ’ ;*\ / \ /7(/\ ' Sl
& = \ 7 \ /S "'3\"-"‘\\ /
\ \.N).;L\/,N)I\N NP N

e

keen kep
k
hv / Pt
038 b—oH
| |
NZ AN
Q

E(6)

0° 90° 180°
Twisting coordinate (0)

Figure 1.3. trans-cis photoisomerization of Cyanine dyes.a) Chemical structures of Cyanine
dyes. b) PES diagram of energy vs torsion angle for the photoisomerization process. Ground (So)
and excited (S1) singlet states. N represents the normal (trans isomer) form, t the 90° twisted
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intermediate, and P the cis photoisomer. k,. and k;. are the radiative and the internal conversion
rate constants, respectively. Additionally, ky;, k:y, k:p, and kp, are the rates of interconversion
between the N, t, and P forms of Cyanines. Adapted with permission from Levitus, M.; Ranjit, S.,
Quarterly Reviews of Biophysics 2011, 44, 123. Copyright 2010 Cambridge University Press.

The photoisomer, proposed to have a mono cis conformation,*®*! has a very low fluorescence
quantum yield.*?1* After formation, the cis photoisomer can be rapidly converted back to the trans
isomer via a thermal back-isomerization. The back-isomerization process is a first order process

and its rate depend strongly on the solvent viscosity. 011

Due to efficient rotation taking place in the excited state, N - t, cyanine dyes, such as Cy3 and
Cy5, are generally characterized by a low fluorescence quantum yield @, (see Table 1.1).
However, the @, can be increased when rotation is sterically hindered by either an increase in the
solvent viscosity,’>® or when in close proximity to biomolecules such as proteins'’*® and
oligonucleotides.’®?2 This has resulted in a new technique to conduct single molecule studies
termed “Protein Induced Fluorescence Enhancement” (PIFE),?324 see Section 1.3 below for more
details. Additionally, the rotation can be structurally hindered via chemical modifications as shown
for the locked analogs of Cy3 and Cy5, Cy3B and Cy5B, respectively (see Figure 1.3, Panel a).2>
26 Thus, Cy3B and Cy5B report increased fluorescence quantum yields compared to their unlocked

counterparts Cy3 and Cy5, respectively (see Table 1.1).

Table 1.2. Spectroscopic Properties of Cy3, Cy3B, Cy5, and Cy5B in aqueous solutions

Cy3 Cy3B Cy5 Cy5B

2855 (nm) 5507 559¢7 649¢" 670¢®
Emax (M cm?) 150,000 130,000 250,000@®  199,0002®

Aem (nm) 570@7) 570@7) 670@7 683(26)

o) 0.04®), 0.09®)  0.67¢%, 0.85(%) 0.27® 0.55%)

1.2.2 Forster Resonance Energy Transfer (FRET)

Forster Resonance Energy Transfer (FRET) theory describes the mechanism by which a donor
fluorophore transfers energy to an acceptor fluorophore. In FRET, the energy is transferred in a
nonradiative fashion via through-space dipole-dipole interactions in the 1-10 nm range. FRET is a

distance dependent process which allows the assessment of the distance between the two
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fluorophores. In 1948, Forster described the relationship between distance () and the rate of
energy transfer (k;) (equations 1.1-1.3).% In 1967, Stryer and Haugland coined the term
“spectroscopic ruler” for FRET and confirmed experimentally Forster’s predictions for the rate of
energy transfer, based on a model arising from dipole-dipole coulombic interactions. This model
shows that the rate of energy transfer scales with the inverse of the sixth power of the distance
between fluorophores, consistent with the rate being proportional to the square of the interaction
energy (Fermi’s Golden Rule) which is in turn inversely proportional to the cube of the distance

separating both fluorophores.®!

The rate of energy transfer (k1) (equation 1.1) is written in terms of several fundamental constants
as well as experimentally available or assumable parameters, leaving the interfluorophore distance
(r) as the only unknown variable. The rate of energy transfer is dependent on the fluorescence
quantum yield (<D}’) and lifetime (z73) of the donor in the absence of acceptor, and on the spectral
overlap integral between donor and acceptor dyes J(A). It also includes the Avogadro’s number
(N,), the refractive index of the medium (n), the geometric factor (x?) which accounts for the

relative dipole orientation between the donor and acceptor, and the interfluorophore distance r.

o = DK (9000(ln10)
T — 5 4
12875N 4n

)] D (1.1)

TgTG

The Forster radius (R,) (equation 1.2), a most popular variable in bulk and single molecule FRET
studies, can be defined as the interfluorophore distance (r) at which 50% of the energy is

transferred to the acceptor. Then, equation 1.1 can be simplified to equation 1.3.

R, = (qJ}BKz (%)](A))M (1.2)
— a9

The efficiency of energy transfer is the fraction of energy of the donor that is transferred to the
acceptor (quantum yield of energy transfer). It can be written in terms of the radiative (k,.) and
non-radiative (k,,.) decay rate constants as well as k;. Using equation 1.3, a direct relationship

between distance and efficiency can be obtained equation 1.4.
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kr 1
= = 14
kr+ kp+kny 1+(RL)6 (1.4)
0

1.2.3 FRET in the presence of PIFE; the apparent incompatibility.

In section 1.2.1, we have shown that the PIFE technique relies on the decreased
photoisomerization rate of Cy3. This decreased rate directly impacts the recorded intensity for this
fluorophore in the form of an increased fluorescence quantum yield. In FRET experiments Cy3 is
usually used as a donor dye. We have also shown in section 1.2.2 that the efficiency of energy
transfer can be directly related to the interfluorophore distance (equation 1.4). This relationship is
only valid if the Forster radius (R,) remains unchanged. Therefore, a change in the fluorescence
quantum yield of the donor dye as in PIFE experiments will modify R,. It follows that PIFE
experiments would interfere with FRET experiments, making them apparently incompatible. In
chapter 2 we demonstrate theoretically and experimentally that PIFE and FRET are compatible
techniques as we developed a strategy to measure FRET in the presence of PIFE associated
fluctuations. Furthermore, we were able to extract the fluctuation in the fluorescence quantum

yield of the donor when performing FRET experiments.

1.2.4 Fluorescence Quenching via Photoinduced electron transfer (PeT)

The first singlet excited state of a closed shell organic fluorophore (S1), compared to its ground
state (So), is simultaneously more prone to both accept and donate an electron. This becomes
evident when examining the gas phase energetic diagram in Figure 1.4. Upon excitation, an
electron is promoted from the HOMO to the LUMO. The new electronic configuration, with a
semi occupied HOMO, causes an increase in the energy released when injecting an electron into
the fluorophore (green arrows, electron affinity, EA), facilitating the acceptance of an electron. On
the other hand, the semi occupied LUMO causes a decrease in the required energy to remove an
electron from the fluorophore (blue arrows, ionization potential, IP), facilitating electron donation.
Indeed, life as we know it relies on this paradigm to enable both the oxidation of water to oxygen
and the reduction of CO- to sugars as porphyrins within the photosynthetic reaction center become
photoexcited, providing the necessary driving force for these two redox reactions to take place,

i.e., ensuring these reactions are thermodynamically feasible.
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Figure 1.4. Comparison of the electron affinity (EA) and ionization potential (IP) of a
molecule in the singlet ground state (So) and singlet excited state (S1).%

1.2.4.1 Thermodynamics of PeT

A photoinduced electron transfer reaction can only occur if, upon fluorophore photoexcitation, it
is thermodynamically favoured i.e. AG < 0. HOMO and LUMO energy levels are key to anticipate
the direction of the electron transfer. In the case of photoinduced reduction of the fluorophore
(Figure 1.5, left), the excited fluorophore acts as the acceptor species, as its half-filled HOMO lies
lower in energy than the HOMO of the donor. In the case of photoinduced oxidation of the
fluorophore (Figure 1.5, right), the excited fluorophore acts as the donor species, as its half-filled

LUMO lies higher in energy than the empty LUMO of the acceptor.

In gas phase, the free energy of the PeT reaction is given by equation 1.5 and depends on the
ionization potential (IP)p, the electron affinity (EA) 4, and the electronic excitation energy of the
fluorophore AE,,. This equation only provides a good representation of a gas system as it does not

consider the solvation of the species at play.

AGper = (IP)p — (EA) 4 — AEqgg (1.5
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Figure 1.5. PeT between a photoexcited fluorophore F* and a quencher (Q). The photoexcited
fluorophore (F”) can act as an electron acceptor (A) (left) as well as an electron donor (D) (right).

In solution, the free energy of the PeT reaction is given by equation 1.6.3334 Here, (IP), and

(EA), are replaced by the reduction potential of the donor (Ep.+ ,p) and acceptor (Ega+-),

respectively. In the first term in equation 1.6 n and F are the number of transferred electrons and
the Faraday constant, respectively. The last term in equation 1.6 accounts for the Coulombic
energy released associated with bringing two particles of opposite charge close together. This
correction term depends on the dielectric constant of the solvent (¢), and the distance between the
two charges (). It also includes the Avogadro’s number (N,), the charge of the electron (e), and

the permittivity of the vacuum (g,).

e?

0GEer = (Eger/p — Efya- ) nF — Mgy — Ny

(1.6)

4ATEHET

1.2.4.2 Rate constant of PeT

The rate constant of PeT can be estimated by the Marcus Theory of electron transfer.®® In this
approach, the free energy of the system is plotted as a function of the nuclear geometry along the
reaction coordinate (Figure 1.6). Upon excitation, a fluorophore undergoes a vertical transition
(Franck-Condon), followed by vibrational relaxation. Electron transfer occurs at the intersection
(TS) of the excited-state and radical (ion when applicable) pair potential-energy curves.

Marcus derived an expression that relates the ensuing thermodynamics of electron transfer with

the kinetic parameters (equation 1.7). Photoinduced electron transfer processes are a particular
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case where his models can be applied. In Marcus theory, the activation Gibbs free energy of the
electron transfer reaction (AGp,7) is expressed in terms the Gibbs free energy of the reaction

(AG3,.7) and the reorganization energy (A).

2GS, +2)°
DGy = L) (1.7)

The reorganization energy (A) is the energy required to force the products (Figure 1.6, top right)
to have the same nuclear configuration as the reactants (Figure 1.6, top left). It is essentially given
by the energy difference in the harmonic corresponding to products, evaluated at the equilibrium
position of the products and at the equilibrium position of reactants. A can be separated into two
contributions (equation 1.8).32 363" The first contribution (A;,,..,-) arises from the reorganization
of the inner coordinates of reactants and products. The second contribution (A,:e,-) arises from

the reorganization of the solvent around the reactants and products.

A = Ainner + Aouter (1-8)
‘ F"+ D/
y
F~+D+
TS
I\
A

| |\ | X,
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Nuclear Motion

Figure 1.6. PeT visualized as the intersection of harmonic potential-energy curves.

In the context of transition state theory, the rate constant of PeT can be written as in equation 1.9.

Here, in the adiabatic regime, vy is an effective frequency for nuclear motion along the reaction

11
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coordinate and x is the transmission coefficient (probability that reagents upon reaching the

transition state, will proceed to the formation of products).®> 8

*
AGper
RT

kPeT ES UNK€_< (19)

As we will see in chapter 3, equations 1.8 and 1.9 will be useful to calculate activation Gibbs free
energies of the photoinduced electron transfer between B-mercaptoethanol and Cyanine dyes in
the context of photostabilization and photoswitching. Additionally, activation Gibbs free energies
can be correlated with rate constants of PeT (equation 1.9) to explain the different capacities of
-mercaptoethanol to quench triplet excited states of cyanine dyes.

1.3 Single Molecule Fluorescence Imaging Techniques

Fluorescence is an extremely sensitive technique: nowadays, using the appropriate
instrumentation, even single emitters can be detected with nanometer precision and high temporal
resolution for extended periods of time. These and many other unique properties of fluorescence
and associated single molecule fluorescence (SMF) imaging techniques have allowed scientists to

uncover a wealth of previously inaccessible information pertaining to the nanoworld.

In this section we will introduce the reader to single molecule techniques. In section 1.3.1, we will
provide a brief historical overview of the early detection of single molecules. In section 1.3.2, we
will discuss the importance of the single molecule approach. Next, in sections 1.3.3-1.3.4, we will
introduce the reader to two powerful single molecule techniques: single molecule Forster
resonance energy transfer (SMFRET) and single molecule protein induced fluorescence
enhancement (SmPIFE). smFRET and smPIFE are the most utilized and powerful single molecule
techniques to study the dynamics of proteins and oligonucleotides, as well as their interactions
with one another. Finally, in section 1.3.5, we will familiarize the reader with super resolution
(SR) techniques, with special emphasis on single molecule localization microscopy (SMLM) and

the use of organic fluorophores.
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1.3.1 Early Detection of Single Molecules
In 1952, Erwin Schrédinger wrote: “[...] we never experiment with just one electron or atom or
(small) molecule. In thought-experiments we sometimes assume that we do,;”® Within less than 40

years, this statement was proven to be wrong.

In 1989, Moerner and Kador detected, for the first time, the absorption of a single dye molecule
(pentacene) embedded in organic crystals, at liquid helium temperatures.*® Shortly after, in 1990,
Orrit and Bernard, using the same molecular system and low temperatures, were able to detect for
the first time a single dye molecule, however, now via a more sensitive method, fluorescence.*!
Soon after, single molecules were detected at room temperature via fluorescence, paving the way
to study biomolecules in more suitable conditions such as room temperature and in aqueous
solutions. In 1990, Keller and co-workers performed experiments at room temperature in aqueous
solutions and achieved detection of single Rhodamine 6G (R6G) molecules passing through a
small detection volume.*? The next milestone was achieved in 1993, when near-field scanning
optical microscopy (NSOM) was utilized by Betzig to image individual carbocyanines at room
temperature.*® In 1994, using NSOM, the first single molecule photobleaching, using Rhodamine
6G, was reported by Keller and colleagues.** Single molecule imaging was soon extended to far-
field techniques such as total internal reflection fluorescence (TIRF) (1995),* widefield
epifluorescence (1996),%¢ and confocal microscopy (1996).%" In order to maximize the amount of
information of the system under study, many aspects associated with the emitted photons were
analysed, including location, polarization, time dependence, and spectral content.*® Since the first
detection of single molecules, single molecule spectroscopy and microscopy has inspired
numerous research approaches that brought the concept of single molecule observation to the

realms of physics, chemistry, and biology.*®

1.3.2 Single Molecule vs Ensemble Techniques

The most fascinating characteristic of single molecule methods, compared to ensemble techniques,
is that for any given property under study, one will obtain the moments of the distribution, instead
of only the mean value as available from bulk studies. Thus, a more complete description of the

system as provided by the distribution of values will be attained. In this context, static and dynamic
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heterogeneity can be directly accessed from individual molecules. This is particularly important

when studying biomolecules as they are intrinsically heterogeneous.

Static heterogeneity appears when an ensemble of (bio)molecules consists of stable subpopulations
that are unable to interconvert during the observation time (Figure 1.7, panel a). Molecular
subpopulations, within the species of interest, can reveal different conformations as well as
affinities for the substrate. Additionally, visualization of static heterogeneity allows to focus on
the species of interest, and judiciously remove subpopulations such as aggregates, single labeled,

and free or inactive species.

. ettt
@ 0 ! Unlabelled species Species of 1 ®)
: ' \ — 1.0 7 i
' _ (3 /Q = T
i ' ( —| \;o g 05
i ' . £ | U AW A
| Singly labelled species Free or inactive species Aggregates | \\ 3 A ° 0.0 - St |
" Q0 ! o ) 50 100 150 200
4 Ve € 3 \/ g State A State B
1\ L ( j N : Time ()
! o » WV
(ii)
(i) Ensemble (i)  Single molecule 28 I 400 |
r g 2109
g 8 gs | £ 200
ES 2% T 205 o
2o 3 e w
2 E S 40 wo
85 s @ T00 0
3% . V. SLTAN “5 0 50 100 150 200 5 10 15 20 25
00 02 04 06 08 10 00 02 04 06 O. 1.0 Time (s) Time (ms)
FRET efficiency FRET efficiency TiBs

Figure 1.7 Comparison of ensemble and single molecule approaches in terms of static and
dynamic heterogeneity.(a) Example of static heterogeneity utilizing a donor-acceptor labeling
strategy to visualize the system via a FRET experiment. (i) labeled species can report on
subpopulations such as free, inactive, unlabeled and aggregated components and doubly labeled
species that constitute the species of interest (ii) an ensemble experiment of FRET efficiency
reports a single value (iii) single molecule experiment allows to recover data that includes the
subpopulations of interest (b) Example of dynamic heterogeneity where (i) an enzyme is double
labeled to study the dynamic interchange of conformational states (ii) an ensemble experiment of
FRET efficiency reports a single value over time (iii) single molecule trajectories of FRET
efficiency allows to monitor a single enzyme over time providing a direct observation of the
interconversion of conformational states. Here, statistical analysis of dwell times allows to obtain
the average lifetime of each conformation. Adapted with permission from Kapanidis et al., Trends
Biochem. Sci. 2009, 34, 234. Copyright 2009 Elsevier.

In turn, dynamic heterogeneity is exhibited when an ensemble of (bio)molecules consist of
subpopulations that are able to interconvert during the observation time (Figure 1.7, panel b).
Considering an enzyme that can interconvert between two different conformations: provided that

the interconversion is slow when compared to the temporal resolution of instrument,
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interconversions between the states can be directly observed and quantified. The study of multi-
step biomolecular systems with different Kinetic rates associated to each step is extremely
challenging, as even with all molecules starting simultaneously, the stochastic nature of the
individual states will cause rapid desynchronization. When tracking single molecules, the problem

of desynchronization disappears, allowing to extract the kinetic rates of the different processes.

An additional advantage of single molecule studies relies on the minute amounts of sample
required to carry out experiments, where usually only few hundreds of molecules are required to
perform a reliable statistical analysis. Given the power of the single molecule approach, single
molecule fluorescence techniques have been utilized to answer an increasing number of
fundamental questions. Our own research group has implemented their application to study the
replication machinery of relevant viruses,®> DNA nanostructures,>*%! and optoelectronic

materials.%2-64

1.3.3 Single Molecule Imaging Setup: Total Internal Reflection Fluorescence
Microscopy

Wide field microscopy is a powerful technique where a significantly large area (typically around
802 um?) is illuminated allowing to image hundreds of single fluorescent molecules
simultaneously. Here, fluorescence is collected, filtered, and directed to an array detector. The
most utilized array detectors for widefield single molecule imaging are electron multiplying
charge-coupled device EMCCD, and, recently, scientific complementary metal oxide

semiconductor (SCMOS) cameras.®®

One of the most widely used modes of widefield microscopy is epi-fluorescence microscopy. In
this type of microscopy, the same lens (objective) is used to both illuminate and collect the emitted

light from a sample, allowing to minimize the amount of excitation light entering the detector.

Two illumination modalities in SMFM can be described; standard and total internal reflection
fluorescence (TIRF) microscopy (Figure 1.8, left and middle panels). In the standard mode, a
collimated gaussian-shaped beam passes through the sample perpendicularly to the coverslip
plane, maximizing the amount of illumination.®® The standard mode is useful when imaging thick
samples (over 10 um deep). However, the intense illumination and excitation of molecules outside

the focal plane can produce images with significant background from out of focus illumination,
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lowering image contrast. This latter problem is addressed in TIRF microscopy, where only the thin
layer of an evanescent wave is used for illumination, effectively removing background signal from

out of focus illumination (Figure 1.8, middle and right panels).57¢°
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Figure 1.8 Widefield epi-fluorescence microscopy setup. a) Standard widefield illumination (b)
total internal reflection fluorescence (TIRF) illumination. (c) The evanescent wave generated when
the incident beam utilized is engaged at an angle higher than the critical angle. Adapted with
permission from Park et al., Chem. Soc. Rev., 2015, 44, 1302. Copyright 2015 Royal Society of
Chemistry.

In TIRF microscopy, the laser beam is focused off-axis at the back focal plane of the objective
lens, causing the beam to approach the sample at an angle (Figure 1.8, middle panel). The light
then exits the objective in the form of a collimated beam and passes through an immersion oil that
matches the refractive index of the glass coverslip utilized to immobilize the fluorescent sample
(nglass~1.52). The excitation beam propagating through the coverslip then reaches the glass-water
interphase causing a change in the direction of the beam (nwater~1.33). At angles of incidence
higher than the critical angle (6,) the beam undergoes total internal reflection (TIR). Utilizing
Snell’s law (equation 1.10), the critical angle can be calculated. Here n, and n, are the refractive
indices of the sample solution and the coverslip, respectively.”

6. = sin™ () (1.10)

ny

When the beam undergoes TIR, the excitation beam is reflected off the coverslip-water interface
back into the cover slip. However, some of the incident energy penetrates through the interface,
creating a standing wave called the evanescent field/wave.
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The intensity of this evanescent wave (1,) drops exponentially as a function of the distance from
the glass-water interphase (z) (equation 1.11). Here, I, is the intensity of the evanescent field at
z = 0 and d the penetration depth of the evanescent field as defined by (equation 1.12). The value
of d depends on the wavelength of the incident light in vacuum A,, and the refractive indices of

the two media (n,and n,)."
I, = I,e7%/4 (1.11)
d= 2 (nZsin? g —ny) "2 (1.12)

The main asset of the evanescent wave in TIRF illumination mode is that only fluorophores that
are close to the coverslip-water interface are excited while those residing further out in the bulk
are not, effectively minimizing the volume of sample producing interfering background. In a
typical single molecule TIRF assay, fluorescently tagged molecules of interest are surface
immobilized. As we will see in section 1.4 and chapter 4, this poses challenges to the field of
surface chemistry as nonspecific binding of fluorescent molecules can increase the fluorescence

background, limiting signal to noise ratio.

1.3.4 Single Molecule Forster Resonance Energy Transfer (SmFRET)

Forster Resonance Energy Transfer (FRET) is a unique phenomenon that results in fluorescence
signals which are sensitive to fluorophore positional changes in the 1-10 nm range. This length
scale is particularly important as it allows to study structures and dynamics of the nanoscopic

world, where many macromolecules of biological relevance operate.

In 1996, the first detection of FRET at the single molecule level was achieved by the Weiss
group.’® Since then, SMFRET has been utilized to study a variety of biomolecules and associated
biological processes including replication, recombination, transcription, translation, RNA folding
and catalysis, DNA dynamics, protein folding and conformational changes, several motor proteins,
membrane fusion proteins, ion channels, and signal transduction.”"® This impressive number of
problems that have been tackled via SmMFRET represents only but the tip the iceberg. As single
molecule techniques become more prevalent, with ongoing improvements in data analysis,

fluorophore photophysics and photostability, and surface passivation, one may only anticipate that
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an ever increasing number of biological, chemical and physical problems will be tackled with

SmFRET and single molecule in general-based techniques.
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Figure 1.9 Illustration analytical prediction and experimental data of FRET.Efficiency of
energy transfer vs inter-dye distance separation for a Forster radius R,= 5 nm. b) single molecule
intensity-time trajectories for donor (green) and acceptor dye (red) and the calculated proximity
ratio E, (blue). Reprinted with permission from Roy et al., Nat. Meth. 2008, 5, 507. Copyright

2008 Nature Publishing group.

In a single pair FRET assay, a pair of fluorescent molecules, donor and acceptor, is attached to the
biomolecule(s) to be studied. Energy transfer, via dipole-dipole interaction, leads to a decrease in
the donor emission and simultaneously to an increase in the acceptor emission. The energy transfer
efficiency E is given by E = 1/(1 + (r/R,)®), where r is the donor-acceptor inter-dye distance
and R, the Forster radius at which E = 0.5 (Figure 1.9, panel a). The Forster radius R, is
commonly found to be 3 to 8 nm, making FRET sensitive to changes of a few nanometers in the
donor-acceptor distance. Experimentally, E is typically approximated by the proximity ratio E,,
(or FRET apparent), defined as the ratio of acceptor intensity to total emission intensity E,, =

L/(Ip + 1). 8982 At the single molecule level, intensity-time trajectories of anticorrelated signals
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provide a measure of the intra- and intermolecular motion of biomolecules in real time (Figure
1.9, panel b). An important advantage of FRET is its ability to measure the internal distance of
the donor-acceptor, independent of the center of mass movement of the molecular system, making

it very insensitive to instrumental drift.

1.3.4.1 smFRET on Viral Replication Machinery

Many research laboratories, including ours, have successfully utilized SmFRET to study key
enzymes involved in the viral replication machinery of viruses.®® Our research group, in
collaboration with the Gotte group, is particularly interested in blood-borne viruses affecting

humans such as the human immunodeficiency virus (HIV)> and the hepatitis C virus (HCV).5% 5%
84

A great example to illustrate the power of SmFRET for the study of viral polymerases has been
reported by the Zhuang group. They have studied the reverse transcriptase, which is a
multifunctional enzyme belonging to the HIV that contains polymerase (Pol) and ribonuclease H
(RNase H) subunits. It transcribes the viral RNA into double-stranded DNA. In a first step, as the
complementary DNA strand is synthesised, the template RNA is cleaved from the RNA/DNA
hybrid by the RNase H subunit. sSmFRET studies involving reverse transcriptase labeling (with a
green dye) and primer/template duplexes labeled (with a red dye) were used to interrogate the
dynamics of enzyme substrate (Figure 1.10, panel a). Real time binding/unbinding events as well
as orientational and translational dynamics were revealed. Reverse transcriptase was reported to
slide on nucleic acid duplexes, rapidly shuttling between opposite duplex termini. Importantly,
upon reaching the DNA 3’ terminus, reverse transcriptase can flip into a polymerization
orientation.® In a related report, authors showed that the enzyme adopted opposite binding
orientations, flipped by 180 degrees, on duplexes containing DNA or RNA primers, directing its
DNA synthesis or RNA hydrolysis activity, respectively.®

In our own work, we have focused on the use of SMFRET (and smPPIFE) to study the viral
replication machinery of Hepatis C virus (HCV) a member of the Flaviviridae family. This family
of viruses, including Dengue (DENV), Zika (ZIKV), and Bovine Viral Diarrhea (BVDV),

represents a major health threat and economic challenge.

19



Mechanisms in Single Molecule Fluorescence Imaging: from Photophysics to Biological Applications

HCV NS5B

Thumb

Evanescent field

0nM NSSB

>400( | | ' Iy )
£ oo AN ol o ey -,u‘.i‘-.‘.w-!ﬂﬂm‘-\*,
! fl
idi - . ‘01
Sliding Flipping E0,5:‘]u,»wuwmwm-ﬂiwmwﬂwwlwmwwwmm W
Scenario A YRy /"ﬁ Y| S . : .
—
550bp < W ® W | . | 10 M NSSB
o 400 AN A AR b e ol il
Scenario B ! D £ 200 (I “""'\[W'WI’N WA on
cenario £ } bl I ot
o -——g| ¥
4 4 B
< o
£ | |
- /‘ ot : — il

Figure 1.10 sSmFRET assays to study viral proteins of HIVV and HCV a) SmFRET experimental
design to monitor the dynamics of reverse transcriptase. b) SmMFRET experimental design to
monitor the dynamics of NS5B. Adapted from Liu et al. Science 2008. 322, 1092; Abbondanzieri
et al. Nature. 2008. 453, 184; Karam et al. J. Biol. Chem. 2014, 289, 14399. Copyright 2008
American Association for the Advancement of Science, 2008 Springer Nature, 2014 American
Society for Biochemistry & Molecular Biology.

The non-structural 5B (NS5B) protein of HCV is an RNA dependent RNA polymerase (RdRp),
essential for viral replication. NS5B catalyses the conversion of the (+) single-stranded RNA
genome of HCV into double-stranded RNA. In vitro studies have shown that this task can be
performed through both a primer-dependent and a remarkable primer-independent mechanism. 8-
% How these enzymes locate the 3'-terminus of the RNA template, however, remains an unsolved
question. In a first approach to investigate NS5B dynamic behavior via single molecule methods,
Karam et al. reported a SmFRET assay to study NS5B-RNA binary complexes in real time (Figure
1.10, panel b).** An advantage of this platform is the ability to work with unlabeled enzymes,
enabling rapid monitoring and screening of NS5B mutants with substitution at various different

residues, including drug resistant forms.

Karam et al. reported that in the absence of NS5B, average FRET values derived from single
molecule intensity-time trajectories were centered around 0.5. Upon NS5B (wild type) incubation,

average FRET values increased to 0.75, indicating a bound enzyme to RNA. The data is consistent
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with a stable binary complex that extend over prolonged periods of time. Additionally, mutations
in close proximity to the template entrance, and in the center of the RNA binding channel, reduced
the population of RNA-bound enzyme. Similar observations were reported with an allosteric

nonnucleoside NS5B inhibitor.

The smFRET assay reported by Karam et al. is an extraordinarily simple and effective assay to
study binding/unbinding dynamics of NS5B-RNA complexes. However, it does not provide
precise information on NS5B dynamics once bound to RNA. This information is key to study
mechanistic questions related to de novo initiation, a shared characteristic of several polymerases
of viruses belonging the Flaviviridae family such as DENV, BVDV, and ZIKV.*"*® Mechanistic

knowledge on this process can be key to develop antiviral drugs with improved efficacy.

In chapter 5, inspired by this SmFRET assay, we report a single molecule protein induced
fluorescence enhancement (SMPIFE) assay (see section 1.3.5). The smPIFE assay is a simpler yet
more powerful assay to precisely study short scale (couple of nanometers) movements of NS5B
once bound to its RNA substrate. Application of this technique has expanded our understanding
of key mechanistic aspects of NS5B-RNA complexes preceding de novo initiation, including RNA
binding/unbinding and sliding. It also has allowed us to study the effect of a divalent ion such as
Mg?* on the stability and dynamics of NS5B and its RNA substrate.

1.3.5 Single Molecule Protein Induced Fluorescence Enhancement (smPIFE)
Protein Induced fluorescence enhancement (PIFE) has emerged as a complementary technique to
FRET to study conformational changes involving proteins and nucleic acids.?* PIFE relies on
the fluorescence enhancement of a fluorophore, typically Cy3, when a protein is located in close
proximity. Upon excitation, Cy3 can undergo a rapid photoisomerization that can compete with
fluorescence (Figure 1.11, panel a). As a result, Cy3 bears a modest fluorescence quantum yield
(0.04-0.09)* % in aqueous solution. A protein in close proximity however can increase the
microenvironmental steric hindrance and/or viscosity, decreasing the rate at which Cy3 undergoes
photoisomerization.%* As a result, the fluorescence quantum yield/intensity of Cy3 increases as a
function of protein-Cy3 distance, allowing to sense changes in distances below 4 nm. (Figure 1.11,
panel b).
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Figure 1.11 a) trans-cis photoisomerization of Cy3 competing with fluorescence. b)
Comparison of distance sensitivity of PIFE and FRET. Adapted from Hwang et al. Proc. Natl.
Acad. Sci. U.S.A. 2011 108, 7414. Copyright 2011 National Academy of Sciences.

While FRET requires dual labelling of substrates (a donor and an acceptor), PIFE necessitates only
a single fluorophore, which significantly simplifies experimental design. For example, to study
protein-DNA systems, a FRET assay requires both the protein and the DNA to be labeled. While
oligonucleotides are relatively simple to label, protein labeling is a complex task and it may alter
the properties of the protein under study. Additionally, the elimination of the acceptor dye required
for FRET, decreases the likelihood of signal artifacts due to the formation of transient dark species

of the acceptor dye, as reported for the commonly used Cy5.%%

Importantly, PIFE can also access a distance range difficult to asses using FRET assays (Figure
1.11, panel b). The main disadvantage of PIFE is that, unless previously calibrated,? it cannot
provide quantitative information on the distance. Thus, the relative changes in intensity cannot be
directly translated into changes in distance. However, a qualitative description of protein-dye
distances is often sufficient to extract rich biophysical information. Overall, the simplicity and the

working range of PIFE positions the technique as a powerful tool to study protein-DNA dynamics.

Many proteins, after binding, can slide on single and double stranded DNA and RNA. smPIFE
was initially utilized to study the ATP dependent movement of the human antiviral protein, RIG-
| (Figure 1.12, panel a).% Through an smPIFE assay, It was shown that RIG-I can translocate

across a dsRNA repetitively, generating a single molecule trajectory with a sawtooth shape. In this
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case, the need for only a single label was key to the experiment, as the authors reported that
labelling of RIG-1 was extremely challenging. Moreover, the high dissociation constant (>100 nM)
required addition of high protein concentration. A labeled protein at ~100 nM would have
generated a high intensity background via direct excitation of either the Dye-RIG-I in solution or

the Dye-RIG-1 non-specifically bound to the surface.

The working mechanism of Rep, an E. coli helicase involved in DNA recombination and repair,
was initially studied via SmFRET.® Authors reported FRET fluctuations and interpreted the data
as Rep undergoing repetitive cycles of translocation of on ssDNA. Later, authors reported a
SMPIFE assay with data consistent with their previous findings (Figure 1.12, panel b).%® The
asymmetric peaks exhibited in the smPIFE trajectories arise from the 3’ to 5’ directed translocation

followed by a fast snapping back of the protein.

The translocation of PcrA, a Rep homolog, was studied through smFRET and smPIFE assays.'%
PcrA was interrogated on a dsDNA bearing a ssDNA overhang (5’ end) (Figure 1.12, panel c).
The smFRET assays indicated that PcrA anchors to the duplex junction while it reels in 5’ direction
and is followed by release of the strand upon reaching the 5’ end. smPIFE intensity-time
trajectories confirmed the SmMFRET observation. Trajectories are characterized by asymmetric
peaks showing a gradual increase, followed by a sudden drop in the Cy3 intensity (Figure 1.12,
panel c). The pattern reflects that the sequential process of binding, reeling, and unbinding is

continuously repeated.

Another example of oligonucleotide binding protein studies via sSmPIFE is the work on TAR RNA
binding protein (TRBP), an enzyme implicated in antiviral signaling. TRBP exhibited an ATP-
independent diffusion along dsRNA (Figure 1.12, panel d).2* smPIFE trajectories are consistent
with TRBP undergoing repetitive motion on a dsRNA. This behaviour was exclusive to dSRNA as
TRBP was unable to bind on DNA:RNA hybrids or ssRNA strands.

In our lab smPIFE technique has been previously exploited to study the dynamics of binding and
sliding of viral enzymes of important human pathogens such as the human immunodeficiency virus
(HIV)%? and hepatitis C Virus (HCV).>
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Figure 1.12 Examples of sSmPIFE assays to study motor proteins.smPIFE visualization of RIG-
| translocation across dsRNA showing repetitive translocation. b) SmPIFE measurements of Rep
translocation is consistent with repetitive shuttling. ¢) smPIFE trace indicating a PcrA reeling in
sSDNA in repetition. d) smPIFE trace reflects the rapid intensity fluctuations of the TRBP’s
diffusion along the dsRNA axis e) smPIFE binding trace reflects the rapid intensity fluctuations
of the TRBP’s diffusion along the dsRNA axis f) smPIFE trace reflects the rapid intensity
fluctuations of the TRBP’s diffusion along the dsSRNA axis. Adapted from Hwang et al. Chem.
Soc. Rev. 2014, 43, 1221; Marko et al. J. Phys. Chem. B. 2013, 117, 4560; Ablenas et al. ACS
Infect. Dis. 2017, 3, 99. Copyright 2014 Royal Society of Chemistry, 2013 American Chemical
Society, 2017 American Chemical Society.

The reverse transcriptase (RT) of HIV plays a pivotal role in converting genomic RNA into
proviral DNA. The biologically relevant form of RT is the p66—p51 heterodimer, however, two
recombinant homodimer forms of RT, p66—p66 and p51-p51, are also catalytically active. smPIFE
was previously utilized to investigate the binding of the three RT isoforms to a fluorescently
labeled 19/50-nucleotide primer/template (P/T) DNA duplex (Figure 1.12, panel €).5? Kinetic
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analysis showed 50-100 times higher binding affinities of RTp66-p51 and RTp66-p66 by the P/T
than the RTp51-p51.

The helicase domain of the non-structural 3 (NS3h) protein of (HCV) can unwind both dsRNA
and dsDNA in an ATP-dependent manner. However, before unwinding, NS3h can bind and
interact with oligonucleotides in an ATP-independent fashion. Ablenas in our group studied the
binding and sliding dynamics of NS3h on a sSSDNA overhang and its interaction with a ss/ds DNA
junction (Figure 1.12, panel ).192 smPIFE experiments revealed three enhancement levels that
correspond to three discrete binding sites at adjacent bases to the ss/ds DNA junction. The enzyme
is able to transition between binding sites in both directions without dissociating from the nucleic
acid. Ablenas et al. proposed a dynamic model for NS3h that favors ATP-independent random
binding and sliding by one and two nucleotides along the overhang of the single stranded loading
region. In chapter 5, we extend our studies on viral enzymes and report a SmPIFE assay to
interrogate the binding and sliding dynamics of the non-structural 5B (NS5B) polymerase of the
Hepatitis C Virus.

While most of the reported smPIFE studies have been carried out using Cy3, the PIFE effect has
been also reported for other cyanine derivatives that are able to undergo photoisomerization such
as DY547, Cy5 and Alexa dyes.?®> % Importantly, fluorescence enhancement is not limited to
nearby proteins. When Cy3 (and related Cyanine fluorophores) are conjugated to nucleic acids,
the quantum yield increases.®?> This phenomenon has been termed NAIFE, for nucleic acid

induced fluorescence enhancement.1%

1.3.6 Super-Resolution Microscopy
In 1873, Ernest Abbe postulated equation 1.13, expressing the best resolution achievable in optical
microscopy.1%* Resolution in optical microscopy is the shortest distance between two point objects

at which they can still be distinguished by the observer or camera system as separate entities. In

Abbe’s equation the resolution (Ax/22¢) depends on the imaging wavelength (1), the refractive
index of the imaging medium (n), and half the aperture angle of the objective («). In equation

1.13, (nsin ) is usually referred as the numerical aperture of the objective (NA).

AxAbbe — 1 _ A (1.13)

min. 7 opsing | 2NA
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Abbe’s equation takes into account the diffraction of light. This is a physical limitation that makes
point emitters appear larger in size. The largest values of NA for state-of-the-art, highly corrected
microscope objectives are in the range of about 1.3-1.6, with little room for improvement.
Therefore, the spatial resolution of optical imaging has been limited to about ~200 nm for visible
light of 600 nm wavelength. Given the purely physical basis underlying the resolution limit, it was

thought to be impossible to overcome.

Working separately Eric Betzig, Stefan Hell, and William E. Moerner demonstrated that the
diffraction-limited resolution can be circumvented to transform optical microscopy into
nanoscopy. Their work ultimately led to them be jointly awarded the 2014 Nobel Prize in
Chemistry “for the development of super-resolved fluorescence microscopy”. Two different
strategies were proposed; Hell’s approach uses patterned illumination to spatially control the
emission of excited fluorophores.1%19” The second approach takes advantage of the detection of
single molecules*® and combines a strategy to achieve precise localization down to few nanometers

with a strategy to achieve sequential localization of many single molecules.%-10°

The super resolution single molecule-based approach consists of a combination of two key ideas.
The first idea relies on the fact that a diffraction limited spot of a single emitter, which is around
200 nm in size, can be localized with a much higher precision (Figure 1.13, a-d). A diffraction
limited spot or point spread function (PSF) can be described by an airy function (Figure 1.13, a).
The detection of a PSF over many pixels (Figure 1.13, b) allows to fit a 2D function, where the
airy function can be approximated by a Gaussian function to localize the centroid (Figure 1.13,
¢).%6 110 The |ocalization precision of a single emitter Ax is given by equation 1.14, where N is
the number of detected photons, s is the standard deviation of the PSF, a is the size of the camera
pixel edge length and b is background noise.!** Utilizing equation 1.13 and 1.14, and assuming
thats ~ Ax/22P¢ anew equation can be obtained to incorporate the improved localization precision

(equation 1.15).

2y _ S?+a?/12 | aVmsPp? s?
((Ax)*) = N + preaiades (1.14)
A
Ax = INATN (1.15)
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Figure 1.13 . Key ideas of single molecule based super resolution microscopy. a-d) Diffraction-
limited spot and its centroid localization. e-i) active control of emitters and sequential
localization.!'? Adapted with permission from Mockl et al., Angew. Chem. 2014, 53, 13972.
Copyright 2014 John Wiley and Sons.

Importantly, equation 1.15 predicts that with only 100 detected photons, the localization precision
is enhanced by ten-fold (Figure 1.13, d). This allowed tracking single molecules with nanometer
accuracy when they were sparsely distributed and separated by a distance greater than the
diffraction limit. In 2003, Selvin and co-workers took advantage of this improvement to visualize
Myosin V, a dimeric molecular motor that moves processively on actin filaments. The authors
labeled myosin V with a single fluorophore at different positions and measured the step size with
a standard deviation smaller than 1.5 nm. Their results strongly support a hand-over-hand model
of motility, instead of an inchworm model, a matter of debate among scientists at that time.**

While localization precision is greatly enhanced for sparsely separated emitters fluorophores, this
task becomes challenging for multiple fluorophores separated by distances below the diffraction
limit (Figure 1.13, e). Here, signal overlap inhibits the precise localization of individual

fluorophores (Figure 1.13, f).

The second key idea in the single molecule-based super resolution microscopy approach

circumvents this problem by simply not allowing all the molecules to emit at the same time. As
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such, a mechanism to actively control the concentration of emitting molecules at any given
imaging cycle is required, allowing to maintain a very small number of active emitters such that
the PSFs do not overlap (Figure 1.13, g-h). By having a random, small subset of the emitters in
the “on” state at any given time, the localization of centroids of single emitters in one acquired
image can be achieved. Molecules in the on state are then turned “off” or photobleached. Next,
another subset is turned on and localized individually. Repeating this process several times allows
for the computation of many localizations of the structure being imaged. The underlying image is
then reconstructed in a pointillist manner to reveal details hidden on a diffraction limited image
(Figure 1.13, 1).

Eric Betzig was the first, in 1995,1% to propose to isolate the emitters. He initially suggested to
utilize some spectral property such as the inhomogeneity in the absorption wavelength to achieve
this necessary isolation. However, this was later shown to be challenging.'* In 2006, using
photoswitchable fluorescent proteins (such as the photoactivatable (PA)GFP) as an active control
mechanism, Betzig reported PALM (PhotoActivated Localization Microscopy) where he achieved
~20 nm resolution.!®® paGFP densely labeling the sample and initially in a dark state can be
sequentially activated (with light of a proper wavelength), imaged, and photobleached to achieve

active control and sequential localization.

Shortly after Betzig’s initial publication, similar super-resolution techniques were reported. A
nearly identical approach (fPALM, Fluorescence PhotoActivation Localization Microscopy) was
published by Samuel Hess and co-workers.!*® Utilizing the same principles but taking advantage
of the photoswitching properties of a small organic fluorophore Cy5° instead of fluorescent
proteins, Xiaowei Zhuang and co-workers achieved super-resolution and presented their technique
under the acronym STORM (STochastic Optical Reconstruction Microscopy).®: 1*6 Many other
related techniques quickly appeared, only differing on the mechanism to achieve active control.
They include, PAINT (Points Accumulation for Imaging in Nanoscale Topography),!t’-118 DNA-
PAINT,Y® dSTORM (direct STORM),°" 20 and GSDIM (Ground-State Depletion with

Intermittent Return).1?

One of the most reliable and popular methods for active control is the photoswitching of Cyanines
dyes as initially utilized in STORM. STORM was first demonstrated utilizing the remarkable
photoswitching properties of the red-absorbing (633/638 nm) carbocyanine dye Cy5.1*® Prior to
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the development of STORM, two groups had shown that Cy5 can be reversibly switched on and
off in a controlled manner.®> 7 It was reported that the reversibility of the non-bleached dark state
can be observed exclusively under efficient oxygen depletion conditions and in the presence of
thiols. Additionally, it was reported that the on — off rate is linearly dependent on the red
illumination power, allowing control of the on time by modulating the excitation intensity. On the
other hand, three different strategies to control the off — on process were also reported. While
Bates et al.®® used the green-absorbing dye Cy3, positioned in a close proximity to Cy5, and a low-
intensity 532 nm laser to facilitate the restoration of the fluorescent on state, Heilemann et al.*’
used direct high-intensity illumination in the range of 337-532 nm to restore the on state, allowing
control of the off time. More recently, it was demonstrated that the fluorescent state can also be
recovered thermally, providing an alternative pathway for the off — on transition.*® The Cy3-
facilitated restoration of the Cy5 on-state was later exploited for the development of STORM. !¢
122123 | a similar manner, direct STORM (dSTORM) takes advantage of the strategy based on the
light-induced direct restoration of Cy5 on-state, 120 124-125

Similar photoswitching properties have been observed for dyes structurally related to Cyb5, such as
Cy5.5,122 Cy7,%22 as well as Alexa Fluor 647°7120. 122,126 gnq 7502, Though highly sought after,
efficient photoswitching of the green-absorbing carbocyanines Cy3 and its rigid analog Cy3B have
not been reported, revealing structure-dependent photoswitching behaviour. The Schnermann
group has recently reported Cy5B, the structurally rigid analog of Cy5,% which exhibits an
improved fluorescence quantum yield. This is a potential advantage for SMLM as the localization
precision scales with the square root of the number of detected photons.!'! Unfortunately, under
the same conditions utilized for Cy5 photoswitching, Cy5B is unable to photoswitch, and is further

characterized by a relatively low photon budget.?®

While the nature of the non-fluorescent states of Cy5 and Cy7 has been studied utilizing mass
spectrometry and are proposed to be Cy-SR adducts (

Figure 1.14),% little is known about the mechanistic underpinnings of this photochemical reaction
allowing photoswitching. Utilizing principles of photoinduced electron transfer (PeT) (section
1.2.4), we report in chapter 3 the photoswitching mechanism of Cyanine dyes as well as the

mechanistic relationship of photoswitching and photostability in the presence of thiols.
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Figure 1.14 . Photoswiching of Cy5 in the presence of thiols. Reprinted with permission from
Dempsey et al., J. Am. Chem. Soc. 2009, 131 (51), 18192-18193. Copyright 2009 American
Chemical Society.

1.4 Chemical Aspects and Challenges in Single Molecule

Fluorescence Imaging

Single molecule fluorescence spectroscopy is in essence a multidisciplinary field. It requires
concerted efforts and technological advances in areas related to chemistry (i.e., surface chemistry,
photochemistry), biology (specimen preparation, genetic labeling), physics (i.e., optics,
electronics) and software for data acquisition and data analysis. All technological advances work
in a convergent manner to allow the revelation of the microscopic and nanoscopic world. In this
section we will focus the discussion in some of the important chemical aspects required for SMF

imaging and their relationship to the signal.

1.4.1 Signal Size, Noise, and Background

1.4.1.1 Signal to Noise Ratio (SNR)

The detection of an individual fluorescent molecule is usually performed in the presence of billions
of other molecules, including solvent molecules. One of the most important aspects to successful
single-molecule detection is the need to optimize the signal to noise ratio (SNR), which must be
higher than one.*?” The SNR can be quantitatively expressed by equation 1.16.1%8

SNR = 2o () )" (1.16)

\/Dq>f(%p)(%)T+ch0T+NdT
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Where @ is the fluorescence quantum yield of the fluorophore, g, the absorption cross section

(related to the extinction coefficient), T the detector counting interval, A the beam area, P,/hv the
number of incident photons per second, C, the background count rate per watt of excitation power,
and N, the dark count rate. D is an instrument-dependent collection factor which depends on a

collection factor, a transmission factor, and the detector quantum efficiency. Equation 1.16

highlights the importance of maximizing the fluorophore brightness (CDfap) (see section 1.4.1.2)

and minimizing the background (Cp) (see section 1.4.1.3).

1.4.1.2 Fluorophore Brightness

Fluorophores are the molecular beacons utilized in single molecule fluorescence techniques. Their
utility is dictated by their specific chemical properties (e.g., reactivity, lipophilicity, pKa, stability)
and photophysical properties (e.9.,A%5ax, Amax: & P, 7).12° As shown by equation 1.16, the signal
to noise ratio scales with the brightness of a fluorophore. A fluorophore’s brightness is defined by
the product of two parameters: its fluorescence quantum yield (@) and its extinction coefficient
() (or absorption cross section (o,,) when referring to a single molecule, equation 1.17). The

extinction coefficient is a measure of the quantity of absorbed light at a given wavelength.
Therefore, a high extinction coefficient will lead to a greater amount of light being absorbed.

Quantum yield is the number of emitted photons relative to the number of absorbed photons.
Brightness = ®¢ (1.17)

In order to facilitate the unequivocal detection of individual fluorophores, emitters should exhibit
brightness of at least ~1000 cm™™M™ (£> 10000 cm™M™) and (;>0.1) (see Figure 1.15).2%

Cyanine dyes such as Cy3 and Cy5 are among the most utilized fluorophores in SMF techniques

due to their high brightness, photostability, and versatility (see Figure 1.15 and Table 1.2).13!
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Figure 1.15. Plot of fluorophore brightness (®r €) as a function of the wavelength of
maximum absorption (Amax) for several classes of fluorophores. The color of the structure
represents its maximum emission wavelength (Aem). Reprinted with permission from Lavis, L. D.;
Raines, R. T., ACS Chem. Biol. 2008, 3, 142. Copyright 2008 American Chemical Society.

1.4.1.3 The importance of surfaces in SMF techniques

From equation 1.16, it follows that the signal to noise ratio decreases as the background signal
(Cp) increases. The background can be reduced by minimizing the excitation or detection volume
using various methods, including physical confinement of the sample, confocal detection, and total
internal reflection fluorescence microscopy (TIRFM) (see section 1.3.3).132 Many methods,
including TIRFM, are capable of performing real time measurements of single-molecule behaviour
and dynamics. These methods require the attachment of molecules under investigation to a solid
support surface. The specific immobilization of molecules is commonly achieved by using biotin
tethered to the surface via biotin-streptavidin interactions, in a bottom-up self-assembly scheme
where streptavidin is initially immobilized over the surface followed by the flow of biotinylated
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substrate. While this strategy allows to specifically attach fluorescent molecules to the surface, it
does not prevent unwanted fluorescent molecules to be non-specifically attached to the surface.
This is highly detrimental as it increases fluorescent background. Thus, surface passivation to

avoid non-specific binding is of paramount importance to maximize SNR (equation 1.16).3

Initially, surface coating using bovine serum albumin (BSA) was effectively used as a blocking
agent for hydrophobic and hydrophilic surfaces (Figure 1.16, panel a).*** However, in some cases
BSA failed as a passivation agent. A solution came in the form of covalent attachment of
poly(ethylene glycol) (PEG) to the surface to provide an antifouling coating and thus to prevent
non-specific binding to the surface (Figure 1.16, panel b).1® In cases when cell-like environment
is required for in vitro studies, supported lipid bilayers can be used as an alternative approach to
mimic the natural environment of biomolecules in living cells.*¢**7 Functionalization of lipid
heads with biotin allows for compatibility with protein and nucleic acids (Figure 1.16, panel c).
Lipid vesicles can also be used to encapsulate molecules of interest. The vesicles are then tethered
to a surface via biotinylated lipids (Figure 1.16, panel d).**®1%0 This approach allows to
circumvent the concentration barrier of optical single-molecule detection as in a vesicle the
effective observation volume is strongly reduced. Accordingly, high concentrations of e.g. labeled
complementary substrates may be achieved with minimal total number in the excitation volume.
For example, a single molecule trapped in a 100 nm size vesicle would have an effective
concentration of ~4 uM. This concentration is well above the picomolar-nanomolar concentrations
normally used for single-molecule spectroscopy in order to minimize background. Labeled
molecules that bind a substrate of interest could be then employed at tens of micromolar, rather
than pico-nanomolar, yet only having a total count of e.g. 10 fluorophores overall. The main
challenge of using this encapsulation approach however lies in ensuring that only one molecule of

interest is encapsulated per vesicle.}#
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Figure 1.16. Immobilization and passivation strategies commonly utilized in single molecule
measurements.. Surface passivation strategies of glass slides to prevent nonspecific binding
typically uses a) bovine serum albumin, b) Polyethylene glycol (PEG) or lipids in the form of c)
surface passivation and d) encapsulation. Adapted from Gust et al., Molecules. 2014, 19, 15824.

Surface passivation via PEG relying on a two-step process has been (until now) the most
commonly used method in SMF studies.® 142 Here, the surface is functionalized with amine groups
by attaching (3-aminopropyl)triethoxysilane (APTES) to the surface via silane chemistry in a first
step. The second step involves grafting of a succinimidyl valerate PEG molecule (MPEG-SVA,
typically 5000 Da) via NHS amino reaction. This protocol suffers from high variability from slide
to slide and batch to batch. Several strategies to mitigate problems associated to surface quality
have been proposed at the expenses of increasing the effective cost (reagents and time) of the
passivation method. 143146 Recently, Tween 20 (T20), a detergent, was used in hydrophobic quartz
surfaces in combination with Biotinylated-BSA.2*” Treatment with T20 is highly effective and so
far has shown the highest performance in terms of minimal background. However, fluorescent
impurities and short ssSDNA labeled with ATTO647N can bind and diffuse in T20 surfaces
presumably due to incorporation into the surfactant layer. As such, T20 is expected to be unsuitable
for lipophilic dyes such as nonsulfonated cyanines and membrane proteins that can potentially
bind to a T20 surface. Additionally, the non-capped hydroxyl groups at the end of each
polyethylene glycol chain in T20 can form a high-density layer of hydroxyl groups providing

reactivity to the surface.
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As an alternative to the conventional two-step surface passivation PEG, functionalization can be
achieved by directly attaching PEG-Silane,**-1% which is typically exploited in the optimization
of surfaces used for nanoarrays. To the best of our knowledge, however, all reported protocols
perform incubations lasting several hours and require the use of catalysts such as acetic acid or

triethylamine in large amounts of organic solvents.

Current procedures using PEG suffer from poor surface passivation and/or are labor and time
intensive. Additionally, they use considerable amounts of organic solvents. In chapter 4, we
describe and efficient protocol (15 min) that provides a simple, cost-effective, and environmentally
benign approach toward rendering glass surfaces for single-molecule studies with improved

passivation.

1.4.2 Signal stability and enhanced survival time

Single molecule fluorescence techniques such as smPIFE and smFRET require fluorescence
signals to be affected only by the process under study. Therefore, in the absence of the process of
interest, stable fluorescence signals are key to avoid incorrect interpretation of data. The
importance of stable fluorescence signals can be illustrated by smFRET trajectories (Figure
1.17).15¢157 Donor (green, Cy3) and acceptor (red, Cy5) trajectories shown in Figure 1.17a report
FRET fluctuations as the Holliday junction undergoes conformational changes. In Figure 1.17b
similar FRET fluctuations are shown in the sub second timescale. However, in the second case,
where a double-stranded DNA has been labeled with ATTO647N as donor and ATTO680 as
acceptor, the origin of the fluctuation is fundamentally different. Here, a one-electron reduction of
the acceptor, yielding a transient radical anion that does not absorb in the visible range induces a
low-FRET state. This example highlights the importance of understanding the photophysical and

photochemical processes leading to signal fluctuations of fluorophores used in SMS techniques.

In addition to undesired intensity fluctuations, another important problem in single molecule
biophysical studies is photobleaching, as the survival time of a fluorophore limits our observation
period. These two problems are in some cases related, as long-lived triplet states cannot only cause
signal fluctuations, but can also be intermediates of a photobleaching reaction.8° In order to
solve this problem triplet quenchers have been utilized to both, decrease signal fluctuations as well

as to decrease photobleaching.
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Figure 1.17. Biophysical and photochemical processes showing similar signal fluctuations in
SMFRET.. a) smFRET fluctuations due to conformational changes in the Holliday junction. b)
smFRET fluctuations of donor-acceptor dyes due to a photochemical reaction where the acceptor
dye forms a radical anion, which is unable to accept the energy from the donor. Reprinted with
permission from Ha, T.; Tinnefeld, P., Annu. Rev. Phys. Chem. 2012, 63, 595. Copyright 2012
Annual Reviews of Physical Chemistry.

1.4.2.1 Dual role of molecular Oxygen

Molecular oxygen can quench the triplet state (T1) of many fluorophores in a diffusion-controlled
fashion (kq ~10%° M-1s™).32 This rapid quenching eliminates the long-lived triplet and radical states
intermediates that can affect the signal quality. However, upon T1 quenching, singlet oxygen (*O),
a highly reactive species, is generated. Ground state fluorophores, including cyanines, can react
with singlet oxygen, causing irreversible photobleaching.'®® As a consequence, in the presence of
molecular oxygen, single molecule fluorescence trajectories show stable signals (triplet quenching
by oxygen) yet with limited survival times (irreversible photobleaching typically arising from
singlet oxygen), see Figure 1.18, panel a. Removal of oxygen can partly mitigate photobleaching
by minimizing the sensitization of 1O,, however, it allows for long lived triplets and radical states
involved in signal fluctuations and photobleaching (Figure 1.18, panel b). In order to achieve both
stable signals and longer survival times, removal of oxygen is accompanied by the addition of

exogenous triplet quencher additives (Figure 1.18, panel c).
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Figure 1.18. Signal intensity fluctuations and survival times of a single fluorophore in the
presence and absence of molecular oxygen and triplet quenchers.. Intensity-time fluorescence
trajectory of Cy5 in PBS buffer: a) in the presence of molecular oxygen, b) in the absence of
oxygen, and c) in the absence of oxygen and in the presence triple quenchers additives. Adapted
from Gust et al., Molecules. 2014, 19, 15824.

1.4.2.2 Enzymatic Oxygen removal

Given the difficulty of efficiently removing oxygen by physical methods, enzymatic oxygen
scavenging systems are widely used. The most popular system (GODCAT) contains a combination
of glucose, glucose oxidase (GOD), and catalase (CAT) (Figure 1.19).*! In this scheme, GOD
requires molecular oxygen to convert glucose into gluconic acid and hydrogen peroxide (H20>).
Catalase enzyme is added to deplete the formation of H>O,, partly regenerating oxygen. Therefore,
two full enzymatic cycles are required to remove one molecule of oxygen. The main drawback of

using the GODCAT system in pH sensitive environments is the acidification of the imaging

solution due to the formation of gluconic acid.!¢?
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Figure 1.19. Standard enzymatic oxygen scavenger system (GODCAT) utilized in SMF
imaging.
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Alternatively, oxygen can be depleted using the protocatechuate-3,4-dioxygenase (PCD) enzyme
and protocatechuic acid (PCA) as a substrate.'®31%* This system removes the need of using
catalase, H2O> is not produced as a sub-product. However, similarly to GODCAT it suffers from
acidification of the sample over time.

A third system, addressing the acidification of the imaging buffer has been reported. In this strategy
GOD is replaced by pyranose oxidase (POC). POC, like GOD uses glucose as a substrate, however,
the oxidation product results on a ketone instead of a carboxylic acid, allowing to maintain the
pH.165

1.4.2.3 Photochemical Triplet State Quenching:

Compared to the singlet ground state, a fluorophore in an excited electronic state is both a better
electron donor and a better electron acceptor (see section 1.2.4). Then, triplet states of fluorophores
can be effectively quenched photochemically via photoinduced electron transfer (PeT).The PeT
between a reducing or oxidizing agent and a fluorophore in its triplet excited state results in the
formation of a fluorophore radical anion (F) or radical cation (F**), respectively (Figure 1.20,
panel a). However, these radicals are undesired long-lived non-emissive states associated to signal
fluctuations and photobleaching. The introduction of a second redox agent able to regenerate the
singlet ground state of the fluorophore, can minimize the lifetime of radicals. A strategy, utilizing
reducing and oxidizing systems (ROXS) has been successfully applied to effectively restore

fluorophores to their ground state.>®

In the ROXS scheme, two independent pathways can achieve rapid restoration of the singlet
ground state of the fluorophore. The triplet state of a fluorophore (T1) can be initially quenched
via PeT with a reducing agent, generating a radical anion that can be further oxidized using an
oxidizing agent. It is also possible that the T is initially quenched via PeT with an oxidizing agent,

followed by a reduction.
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Figure 1.20. Reducing oxidizing system (ROXS). a) Energy state diagram illustrating the ROXS
system. Single molecule trajectories of ATTO647N recorded under oxygen depleted conditions b)
in the absence of redox agents c) in the presence of a reducing agent (AA) d) in the presence of an
oxidizing agent (MV), and e) in the presence of both reducing (AA) and oxidizing (MV) agents.
Adapted with permission from Ha, T.; Tinnefeld, P., Annu. Rev. Phys. Chem. 2012, 63, 595; Gust
et al., Molecules. 2014, 19, 15824. Copyright 2012 Annual Reviews of Physical Chemistry.

Triplet state quenching studies of ATTO647N provide a useful example to illustrate the ROXS
concept.t® 159 Under oxygen depleted conditions, intensity-time single molecule trajectories of
ATTOG647N are characterized by signal instabilities (see Figure 1.20, panel b). Addition of a
reducing agent such as ascorbic acid (AA) induces the formation of F~ species as a result of the
quenching of the fluorophore via PeT. While effectively eliminating triplet blinking, AA induces
redox blinking (see Figure 1.20, panel ¢). Similarly, addition of the oxidizing agent such as methyl
viologen (MV) induces the formation of F** (see Figure 1.20, panel d). However, simultaneous
addition of reducing and oxidizing agents allows for the F* and F** formed to be quenched in a
consecutive redox reaction with the complimentary redox reagent. Using this strategy, the lifetimes
of triplets and radical intermediates are minimized, allowing to achieve a stable intensity-time

single molecule fluorescence signal (see Figure 1.20, panel e).

1.4.2.4 Stand-alone Redox Triplet State Quenching; The Unusual Case of B-ME.

Among the reducing agents, thiols were initially recognized as photobleaching supressing
agents'®® with enhanced performance when utilized under oxygen-depleted conditions.®!
Tinnefeld and coworkers have recently reported that f-mercaptoethanol (B-ME) can proceed as a
stand-alone triplet quencher for dyes such as Alexa 568 (Rhodamine) and Atto647N

(Carbopironine). They showed that reduction of triplet states via PeT by a thiolate generates a
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geminate radical pair (GRP) in the solvent cage before radical escape occurs. The generated radical
anion of the fluorophore can be rapidly reoxidized via back electron transfer (BeT) to restore the
singlet ground state of the fluorophores (see Figure 1.21).1%” More recently, utilizing basic
principles of photochemistry, our group has provided a more complete mechanistic framework
accounting for this phenomenon.®® Cosa and Glembockyte recognized that following PeT from a
reducing agent, a geminate radical pair (GRP) in the triplet manifold is formed due to spin
conservation rules. From this stage, while energetically favorable, a back-electron transfer (BeT)
process is spin-forbidden and therefore radical escape from the solvent cage typically dominates.
Then, intersystem crossing (ISC) in the GRP is a key requirement for BeT, a process competing
with radical escape. Cosa and Glembockyte also reported that other widely used reducing agents
such as Trolox (TX), n-propyl gallate (n-PG), and ascorbic acid (AA), when used with Cy3B, can
participate in BeT to different extents, specifically >48%, >27%, and >13%, respectively.

1*F__k\
ISC
KL i —

? F é& geminate radical pair

o 3{F~,Red ™t} k.,

w K \ free radicals
LF~, Red*}

lkBeT
F

Figure 1.21. Photochemical pathways associated to the ground state recovery by p-ME.
Triplet excited states can be quenched with a reducing (or oxidizing) agent leading to the formation
of a geminate radical pair (GRP) in the triplet state. Triplet to singlet ISC in the GRP can compete
with the typically dominant radical escape allowing for p-ME to be used as an efficient stand-alone
triplet state quencher.

In chapter 3, in a unified mechanism, we highlight the connection between the excellent
photostabilization and photoswitching properties of B-ME. Specifically, we show that the triplet
to singlet ISC on the GRP is key to both photostability and photoswitching.
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1.5 Context and Scope of this thesis

Single molecule fluorescence (SMF) techniques are uniquely positioned to study the biological
microscopic and nanoscopic world with high spatiotemporal resolution. Although SMF techniques
have profoundly changed the approach utilized to study the working mechanisms of many
bionanomachines, several challenges remain to be addressed to exploit SMF full potential.
Challenges include aspects related to sample preparation, fluorescence signal control, and data

analysis.

The goals of this thesis are two: 1) To improve current single molecule methods in terms of
enhancing the quality of passivated surfaces, extend our knowledge on principles related to
controlling fluorescence signal and survival times, and deepening our understanding of the
interplay of commonly used SMF techniques; 2) To apply single molecule methodologies to
understand molecular machines involved in the replication of viruses such as the Hepatitis C. We
approached all the chapters of this thesis in a mechanistic fashion. In some cases, we use known
mechanisms to solve a particular problem, while in others, mechanisms are what we aim to learn

from the system under study.

In SMF, PIFE and FRET are two powerful techniques working on complementary distance ranges.
However, for many years PIFE and FRET techniques were believed to be inherently incompatible.
In chapter 2, through a fundamental analysis, we challenge this idea and demonstrate that PIFE
and FRET are compatible techniques. This is, distances in FRET can be reliable extracted in the
presence of PIFE fluctuations. Furthermore, we next show that changes in the fluorescence
quantum yield related to PIFE can be extracted from FRET data. This allows to expand the scope

of these two techniques allowing to track distance changes spanning from angstrom to nanometers.

In the context of PIFE and FRET, Cyanines dyes such as Cy3 and Cy5 have been widely used as
the molecular beacons of choice. B-ME, one of the most widely used triplet quenchers, however
yields divergent results when used on Cy3 and Cy5. While for Cy3 stable signals and enhanced
survival times are obtained, Cy5 reports repeated on-off fluctuations (photoswitching).
Photoswitching has been effectively utilized on single molecule based super resolution techniques
yet its full mechanism remains elusive. In chapter 3 we report a unified mechanism accounting

for cyanine dye photostability and photoswitching in the presence of B-ME. Following PeT and
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geminate ISC, competing pathways from the newly formed singlet geminate radical pair
intermediate are key to both photostability and photoswitching. We propose that the reported
mechanism can lead to the rational design of photostabilizers and photoswitching agents with

improved properties.

Most TIRF based SMF techniques require surface immobilization of the analytes on interest. Here,
reducing non-specific binding through surface passivation is key to minimize background resulting
from fluorophores nonspecifically bound to the surface. However, most of the reported protocols
require extensive labor and suffer from high variability. In chapter 4 we report a novel protocol
aiming to mitigate the above-mentioned issues. Our protocol utilizes silanized PEG in DMSO as
solvent and the reaction is carried out at high temperature (90 °C). This protocol improves the
surface quality in terms of reduced nonspecific binding and surface variability. At the same time,

it enabled reducing the number of steps, the total time, and the amount of organic solvents utilized.

In chapter 5, we have applied SMF techniques to study relevant biomolecular mechanisms related
to the replication machinery of the Hepatitis C virus (HCV). In particular, we developed an
SmPIFE assay to study the non-structural 5B polymerase of HCV which has the ability to initiate
synthesis de novo through a primer independent mechanism. Here, we report studies on NS5B
binding, sliding, and searching for the 3’ of its single stranded RNA substrate. Our studies are
centered in the dynamic processes allowing this protein to locate the 3’-terminus of the RNA

template.
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2 Conformational Changes Spanning
Angstroms to Nanometers via a
Combined Protein-Induced
Fluorescence Enhancement—Forster
Resonance Energy Transtfer Method

Reproduced with permission from “Conformational Changes Spanning Angstroms to Nanometers
via a Combined Protein-Induced Fluorescence Enhancement—Fdrster Resonance Energy Transfer
Method”, Gidi, Y.; Gotte, M.; Cosa, G., J. Phys. Chem. B, 2017, 121, 2039-2048. Copyright 2017
American Chemical Society.
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2.1 Preface

In chapter 1, we described the photophysical and photochemical processes underlying PIFE and
FRET assays and provided several examples of smPIFE and SmFRET to illustrate the importance
of these two techniques. smPIFE and smFRET allow the monitoring of conformational changes in
bionanomachines at different length scales. Therefore, a unified technique would enable an
extended molecular ruler, spanning angstroms to nanometers. In order to make PIFE and FRET
compatible, we need to establish a parameter permitting the measurement of FRET independent
of the photophysical processes underlying PIFE. On the other hand, a parameter derived from
donor/acceptor intensities that can account for the fluctuation in the donor quantum yield in the
presence of energy transfer fluctuations is required. In chapter 2 we merge SmPIFE and SmFRET
into a unified intensity-FRET assay by demonstrating theoretically and experimentally that PIFE
and FRET are compatible techniques. Here we develop a strategy to measure FRET in the presence
of PIFE associated fluctuations. Furthermore, we are able to show how to extract fluctuations in
the fluorescence quantum yield of the donor dye (associated to PIFE) when performing FRET

experiments.
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2.2 Abstract

Forster resonance energy transfer (FRET)-based single-molecule techniques have revolutionized
our understanding of conformational dynamics in biomolecular systems. Recently, a new single-
molecule technique based on protein-induced fluorescence enhancement (PIFE) has aided studies
in which minimal (<3 nm) displacements occur. Concerns have been raised regarding whether
donor fluorophore intensity (and correspondingly fluorescence quantum yield @) fluctuations,
intrinsic to PIFE methods, may adversely affect FRET studies when retrieving the donor—acceptor
dye distance. Here, we initially show through revisions of Forster’s original equation that distances
may be calculated in FRET experiments regardless of protein-induced intensity (and @f)
fluctuations occurring in the donor fluorophore. We additionally demonstrate by an analysis of the
recorded emission intensity and competing decay pathways that PIFE and FRET methods may be
conveniently combined, providing parallel complementary information in a single experiment.
Single-molecule studies conducted with Cy3- and ATTO647N-labeled RNA structures and the
HCV-NS5B polymerase protein undergoing binding dynamics along the RNA backbone provide
a case study to validate the results. The analysis behind the proposed method enables for PIFE and
FRET changes to be disentangled when both FRET and PIFE fluctuate over time following protein
arrival and, for example, sliding. A new method, intensity-FRET, is thus proposed to monitor

conformational changes spanning from angstroms to nanometers.

2.3 Introduction

Single-molecule fluorescence (SMF) studies based on Forster resonance energy transfer (FRET)
have advanced our understanding of structural dynamics in proteins, nucleic acids (DNA and
RNA), and their multimeric complexes, that is, binary, ternary, or larger structures encompassing
either proteins, nucleic acids, or both.}® The judicious choice of the donor and acceptor pair of
fluorophores based on their spectral overlap has enabled exploring fluctuations ranging from 1.0
to 7.5 nm.®” Among many available fluorophores, cyanine dyes Cy3 and Cy5 have been amply

adopted to conduct SmFRET studies due to their photochemical robustness.

Most recently, an SMF method based on protein-induced fluorescence enhancement (PIFE) has

provided insights on structural changes spanning <3 nm.%*2 The use of PIFE circumvents protein
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labeling making the method amenable to, for example, enzymatic studies requiring multiple
enzyme variants. PIFE relies on the increase in the emission intensity (and fluorescence quantum
yield, ®¢) of Cy3 when in close proximity to a protein. The increased steric hindrance/viscosity in
the vicinity of the protein leads to a reduced probability for the first singlet excited state of Cy3 to
relax into a configurational isomer upon 90° rotation along the Cy3 polymethine bridge. This
intermediate is known to decay in a nonradiative manner to the twisted ground state and as such
provides a nonemissive deactivation pathway for Cy3, leading to a drop in its ®¢.4® Importantly,
deactivation to the twisted ground state may next regenerate the trans form of the dye, yet it may
also result in the cis configuration of Cy3. The latter is a fairly unstable species that rapidly
isomerizes to the trans form on timescales spanning microseconds to milliseconds.'* ¥’ The cis-
Cy3 is also characterized by an absorption spectrum that is red-shifted by 20 nm compared to that
of the trans isomer.*"%° cis-Cy3 in the first singlet excited state has further been reported to show
negligible emission.t® 1920 All in all, rotation in the excited state and consequent nonradiative
relaxation to the ground state result in a drop in emission from Cy3, a phenomenon that is mitigated
in the presence of the increased steric hindrance/viscosity provided by a nearby protein, giving rise

to the protein-dependent PIFE phenomenon.

The Cy3 intensity fluctuations that the PIFE method builds on, however, adversely affect SMF
studies that are based on the estimation of the absolute efficiency, E, of energy transfer by the
FRET mechanism. That is, processes that modulate the donor Cy3 fluorescence quantum vyield,
@p, will render E an unreliable parameter to use to retrieve distance fluctuations between donor
and acceptor dyes. It would thus appear that PIFE and FRET techniques are mutually exclusive,

wherein what constitutes an ideal substrate for one method is highly detrimental to the other.

To reconcile the two techniques, a quantitative method capable of simultaneously and
independently measuring PIFE and FRET changes is required. In this regard, a number of studies
have utilized PIFE and FRET methods in a parallel set of experiments in ensemble?'-* and/or at
the single-molecule level.?>” Ongoing work from our group on the dynamics of the hepatitis C
virus nonstructural protein 5B (HCV-NS5B)? and helicase (NS3)?° and that of others provided for
motivation into decoupling contributions from PIFE and FRET such that ultimately both

techniques may be utilized simultaneously. That is, through a single set of experiments, one may
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obtain information on both short-range dynamics, <3 nm, through PIFE and long-range dynamics,
between 3 and 8 nm, through FRET.

To the best of our knowledge, two different research teams have tackled this problem. Initially,
Penedo et al. reported on single-molecule studies of surface-immobilized substrates involving
binding dynamics of a monomeric single-stranded binding protein to DNA.3® They used the
apparent FRET efficiency (intensities corrected for the background only) and the detected total
intensity (donor plus acceptor intensities) as a marker of PIFE. Such a treatment would provide an
indirect marker of increase in ®F, as long as the PIFE effect occurs without affecting FRET, that
is, FRET remains constant throughout the visualization.* More recently, the groups of Weiss and
Cordes reported the theoretical underpinning and methodological application of PIFE-FRET,31-%2
a method building on ALEX, originally reported by Weiss,*® that enables disentangling PIFE from
FRET, effectively providing two molecular rulers at different length scales. Working under the
assumption that Cy3 emission is nonexistent for the 90° conformer, they developed a technique
that is suitable for freely diffusing substrates. Their method requires for alternating excitation of
the donor (Cy3) and the acceptor (e.g., ATTO647N) fluorophores. In addition, it requires a
calibration to account for changes in the Forster radius of Cy3; this is effectively accomplished by
conducting a parallel set of experiments with Cy3B-labeled substrates, the locked analogue of Cy3
unable to undergo rotation in the excited state.* In their work, Weiss, Cordes, and colleagues used
stoichiometry value®'®2 S as an indirect marker of fluctuations in the fluorescence quantum yield
of the donor, @, hence accounting for changes in PIFE. Caution was, however, expressed in

interpreting changes in S when the efficiency of energy transfer changed during the experiment.

Our own rationalization of the problem led us to realize, through revision of Forster’s initial theory
on energy transfer, that donor—acceptor distances r may be reliably retrieved regardless of artifacts
in FRET efficiency arising from changes in ®f. That is, even when PIFE or, for example,
quenching through photoinduced electron transfer (PeT) may exist and as such may affect ®F,
donor-acceptor distances may still be safely retrieved. This in turn would allow decoupling FRET
from PIFE (vide infra).

In this work, we initially demonstrate that the proximity ratio (Epr, eq 2.1), a parameter typically

applied in SmFRET studies*® *® and related to the donor, Ip, and acceptor, Ia, emission intensities

59



Mechanisms in Single Molecule Fluorescence Imaging: from Photophysics to Biological Applications

per unit time (corrected for background and cross-talk, but also, in the case of the acceptor dye,
corrected for direct excitation), provides a suitable marker of interdye distances independently of
fluctuations in ®f. In addition, a new parameter, Ree, related to the distance parameter Ro in the
Forster’s equation, is introduced, allowing to relate interdye distance r to the proximity ratio. By
combining the use of Epr and Reg, we show that the former is the most suitable method to compute
distance fluctuations from single-molecule donor—acceptor intensity—time trajectories even in the
presence of fluctuations affecting ®F. Experiments conducted with surface-immobilized Cy3—

Cy5-tagged RNA strands, differing both in the Cy3 attachment and concomitantly on ®P, are
shown. Also shown are experiments in which Cy3 is replaced by Cy3B, the locked form of Cy3.
These results validate the convenience of using jointly Epr and Ree. These results are of general
validity provided only one species is emissive for the donor dye (see also Figure 2.1). Such a
situation would be applicable for Cy3 under the hypothesis that the cis configurational isomer is
nonemissive. This is a valid hypothesis given the negligible fluorescence quantum yield reported
for the first singlet excited state of cis-Cy3 due to a very fast relaxation to the 90° intermediate.’>
19-20 Thjs relaxation is estimated to be 2 orders of magnitude faster at room temperature for cis-
versus trans-Cy3 given the ~3.0 kcal/mol lower activation energy barrier for the former.*® On the
basis of the fluorescence quantum yields of Cy3 (®¢ = 0.09) and Cy3B (& = 0.85),}* one may
further estimate that the relaxation rate constant for trans (and thus cis)-Cy3 is 1 (3) order(s) of
magnitude larger than its radiative rate constant, under the assumption that the radiative rate
constants for cis- and trans-Cy3 do not differ. It is then safe to estimate that at room temperature

the fluorescence quantum yield of cis-Cy3 is <0.001.

E, = 4 2.1)

pr Ip+Ip

We next show in this work that for doubly labeled donor—acceptor systems, we may monitor

distance fluctuations following FRET analysis (E,,) while simultaneously retrieving PIFE
information or in general fluctuations on ®f arising from environmental perturbations. The
presence of the acceptor dye does not prevent the evaluation of PIFE; in fact, we use the intensity

of the acceptor to determine changes in ®f. Our method enables decoupling PIFE from FRET for
single surface-immobilized molecules, provided the signal may be monitored before and after

protein arrival, a requirement that enables obtaining a reference point to compute the enhancement.
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Our analysis requires excitation of the donor dye only, under the assumption that the acceptor dye

does not undergo changes in its fluorescence quantum yield, that is, ®f is constant throughout the

experiment.

Unr Unr
l Detector l
Donor channel Acceptor channel

Figure 2.1. Flux diagram showing all processes that populate and depopulate the first singlet
excited state of the donor and acceptor dyes. Here, v2, is the donor excitation rate, v?2 the donor
emission rate, v2,. the donor nonradiative decay rate, vy the energy transfer rate, v# the acceptor
emission rate, and v4,. the acceptor nonradiative decay rate. All rates are in s*. The figure is of
general validity, provided only one species is emissive for the donor dye. An assumption that may
be considered valid for Cy3 given the negligible fluorescence quantum yield reported for the first
singlet excited state of cis-Cy3. 5 1920

PIFE and FRET strategies may thus be conveniently combined through a simple analysis in
experiments in which proteins are flowed in. A new method, intensity-FRET (I-FRET), is thus
proposed to monitor conformational changes spanning from angstroms to nanometers. The
analysis behind our method enables for PIFE and FRET changes to be disentangled when both
FRET and PIFE fluctuate over time following protein arrival and, for example, sliding (i.e., there
is sliding of the protein affecting the donor and acceptor mutual distances and also affecting the
intrinsic (in the absence of the acceptor) fluorescence quantum yield of the donor). Studies at the
single-molecule level with doubly labeled constructs in the presence of the HCV nonstructural
protein NS5B? validate the I-FRET approach. The new technique offers the opportunity to
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monitor a diverse range of dynamic biomolecular systems, wherein fluctuations in ®f
(enhancement or drop) resulting from environmental changes may be uncoupled from FRET

changes, providing parallel complementary information in a single experiment.

2.4 Materials and Methods

2.4.1 Reagents

d-(+)-Glucose, glucose oxidase type VII from Aspergillus niger (G2133), and -mercaptoethanol
were purchased from Sigma Aldrich. Tris—HCI buffer (1 M); 1 M HEPES buffer, pH 7.3; hydrogen
peroxide; hydrochloric acid; and acetone (HPLC grade) were purchased from Fischer Scientific.
NaCl stock solution (5 M) was purchased from Life Technologies (Ambion brand). Water
(molecular biology grade) and sodium bicarbonate 7.5% solution were acquired from Thermo
Scientific HyClone (South Logan, UT). Streptavidin protein was purchased from Life
Technologies (Burlington, ON). Vectabond was purchased from Vector Laboratories (Burlington,
ON). Poly(ethylene glycol) succinimidyl valerate, MW 5000 (MPEG-SVA), and biotin-PEG-SVA
were purchased from Laysan Bio Inc. (Arab, AL). Sulfuric acid was purchased from Caledon
Laboratories.

2.4.2 Fluorophores

8-Acetoxymethyl-2,6-diethyl-1,3,5,7-tetramethylpyrromethene  fluoroborate (PM605) was
purchased from Exciton, Inc. 1,1’-Dioctadecyl-3,3,3",3" tetramethylindodicarbocyanine
perchlorate (DiD) was purchased from Invitrogen Canada (Burlington, ON). All materials were

used without further purification.

2.4.3 Nucleic Acids

(Cy3 and Cy3B)-tagged RNA strands were purchased from Trilink Biotechnologies, and (Cy5 and
ATTO647N)-biotin-tagged DNA strands were purchased from Integrated DNA Technologies
IDT. Listed below in Figure 2.2 are the sequences utilized in constructing the DNA/RNA duplexes

in our study.
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2.4.4 Preparation of RNA-DNA Duplexes

The RNA-DNA duplexes were annealed from biotinylated 18mers (ACC TCG CGA CCG TCG
CCA-biotin, Cy5-ACC TCG CGA CCG TCG CCA-biotin, or ATTO647N-ACC TCG CGA CCG
TCG CCA-biotin) and dye/RX sequences (see Figure 2.2). Oligonucleotides were purified through
HPLC by the provider. To enable surface immobilization of the DNA/RNA duplex, the 3’ end of
the DNA strand was attached to a biotin moiety. The duplexes were annealed by mixing 2.5 um
of both DNA and RNA strands in an annealing buffer (50 mM Tris—HCI, 50 mM NaCl, pH ~ 8.0)
and then incubating the mixture in a thermal cycler at 95 °C for 2 min and gradually (2 °C/min)
cooling it to 25 °C. The duplex formation was confirmed using 10% native polyacrylamide gel

electrophoresis.

2.4.5 Steady-State Absorption and Fluorescence

Absorbances were recorded using a HITACHI U-2800 UV-vis spectrophotometer. Emission scans
were recorded using a PT1 QuantaMaster 400 spectrofluorometer and the provided software. The
fluorescence spectra were recorded using a 2 nm bandwidth excitation and emission slits.
Fluorescence was recorded every 1 nm using a 0.2 s integration time. Emission spectra were
corrected for wavelength-dependent variations in the detector sensitivity. Room temperature
fluorescence quantum yields of green dyes were determined using PM605 in acetonitrile (®f =
0.72)%". For red dyes, DiD in methanol (®f = 0.33)% was used as a reference. Absorption and
emission spectra of the dyes of interest were measured in imaging buffer (10 mM in HEPES buffer
pH 7.3 and 20 mM in NaCl) at different concentrations. The absorbance of all samples was kept
below 0.05 at the excitation wavelength (514 nm (green) and 620 nm (red)). The integrated
intensity versus absorbance were then plotted and fitted linearly. Relative fluorescence quantum
yields for the unknown with respect to the standard were obtained according to well-established
methods® by comparing the absorption and emission of the unknown and standard samples and
correcting for the solvent refractive index of the solution of the unknown and standard.

2.4.6 Single-Molecule Sample Preparation and Surface Immobilization

Coverslips were soaked in piranha solution (25% H>O> and 75% concentrated H>SO4) and

sonicated for 1 h, followed by multiple water (molecular biology grade) and acetone (high-
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performance liquid chromatography (HPLC) grade) rinsing cycles. Dry and clean coverslips were
then treated with vectabond/acetone 2.5% v/v solution for 5 min and then rinsed with H,O and left
in a dried state until used. To prevent nonspecific adsorption of biomolecules onto the glass
surface, coverslips were functionalized before use with a mixture of poly(ethylene glycol)
succinimidyl valerate, MW 5000 (mPEG-SVA), and biotin-PEG-SVA at a ratio of 99/1 (w/w), in
a 0.1 M sodium bicarbonate solution for 3 h. Excess PEG was rinsed with water, and the coverslips
were dried under a N> stream. Imaging chambers (~8 plL) were constructed by pressing a
polycarbonate film with an adhesive gasket onto a PEG-coated coverslip. Two silicone connectors
were glued onto the predrilled holes of the film and served as inlet and outlet ports.

Before image acquisition, the surface was incubated with 15 pL of 0.2 mg/mL streptavidin solution
for 10 min. The unbound streptavidin was washed away with the imaging buffer (20 mM NacCl,
10 mM HEPES buffer pH 7.3). After streptavidin incubation, the DNA/RNA hybrid was
immobilized on PEG-coated glass coverslips through biotin—streptavidin interactions upon
incubating a 200 pM solution of the annealed construct. Unbound duplexes were flushed out with

additional imaging buffer.

2.4.7 Antifading Solution

To increase Cy3 and Cy5 photostability, all experiments were done under a constant flow of an
oxygen scavenger solution consisting of 2-mercaptoethanol 1% v/v, d(+)glucose 0.8% w/v, and
glucose oxidase 1.1 mg/mL (165 units/mL). Solutions were 10 mM in HEPES buffer pH 7.3 and
20 mM in NaCl with 100 nM NS5B when necessary. All experiments were conducted at room

temperature (23 °C).

2.4.8 TIRF Microscopy and Image Analysis

Fluorescence single-molecule experiments were carried out using a TIRF microscope (TIRFM) as
described previously.?® The TIRFM setup consisted of an inverted microscope (IX71; Olympus)
equipped with a laser-based TIRFM illumination module (IX2-RFAEVA-2; Olympus) coupled to
a diode-pumped solid-state green laser (532 nm, CrystalLaser). The beam position was adjusted
using the illuminator to attain total internal reflection through an oil-immersion objective (N.A.
1.45, Olympus PLAN APO N 60x). Fluorescence emission was collected through the objective,

and images were captured with an EMCCD camera (Cascadell: 512B, Photometrics, Roper
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Scientific). For imaging of Cy3, the laser beam was coupled into the microscope objective using a
beam splitter (FF562-Di02 25 x 36, BrightLine, Semrock). The emission was then refocused by a
lens with a focal length equal to 150 mm. Emission was chromatically separated using two dichroic
mirrors (640dcxr; Chroma Technology) with the “green” and “red” emission filtered through band
pass filters (HQ590/70M and HQ685/80M, respectively, Chroma Technology) before being
captured each by one half of the EMCCD camera chip.

The camera was controlled using Micro-Manager Software (Micro-Manager 1.4.13, San
Francisco, CA), capturing 8-bit 512 x 512 pixel images with an exposure time of 200 ms.
Excitation was carried out at a full power setting (25 mW) with a power output of ~9.0 mW at the
objective for the green (532 nm) laser. We observe typically ~200-300 spots over one field of
view (35 pm x 70 pum). Fluorescence intensity—time trajectories of individual molecules were
extracted from the videos using a self-written algorithm in IDL and Matlab defining a square

region of 3 x 3 pixels around the centers of the spots captured.

2.5 Results and Discussion

2.5.1 Reformulating Forster Equation

In deriving an equation to account for the rate constant of energy transfer kr as a function of
distance r due to perturbations from coulombic dipole—dipole interactions, Forster sought to
replace the square of the scalar product of the donor and acceptor transition dipole moments (i
and u,, respectively, eq 2.2) by readily available experimental parameters related to the donor and
acceptor dyes. 404! It is then that the extinction coefficient of the acceptor dye, €,, and the radiative
rate constant of the donor dye, k2, came into place in addition to other factors to render the Forster
equation as we have known of it for the past ca. 70 years®® 442 (eq 2.3, where we use 9000 rather
than the frequently encountered 9 for unit considerations® (see also Section 2.6.2 for a revision of
the Forster theory)). Here, the extinction coefficient was incorporated into the integral term, J(4);
in turn, k2 was replaced by the product of the decay rate constant of the donor in the absence of

the acceptor, k2 (the reciprocal of the fluorescence lifetime, £3) and its fluorescence quantum

yield, @F.
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2
ky = (’”;;‘A) (2.2)
__ kPx? (9000(In10) P kdrc 9000(In10)
kr = r6 (1281‘[5NAn4)]( ) = (1281‘[5NAn4)](/1) (2:3)

The efficiency of energy transfer, E, defined as the ratio of probabilities of undergoing energy
transfer versus decaying through all processes, and frequently encountered in any of the forms
displayed in eq 2.4, has become the paradigm equation to follow changes in distance r between a
donor and acceptor dye.3 “2 The Forster radius, R,, the distance at which energy transfer is 50%

efficient (k; = k7), follows as a corollary of the energy transfer efficiency definition and eq 2.3

(see eq 2.5).
e 1,
E= g = (%) 24)
D 9000(In10)
Ry = ((Df re? (1287t5NAn4)]( )) (2.5)

A major caveat of working with energy transfer efficiency to determine r arises from the
dependence of the former on ®P and thus on the effect the environment may exert in modulating
the nonradiative decay rate constant of the donor dye, k2,.. Phenomena such as PIFE, or quenching
following, for example, PeT by a peptide residue or nucleic acid base, upon changing the value of

@®f may yield E an unreliable parameter to work with in determining r.

We reasoned that a more appropriate way to relate the single-molecule acceptor and donor
emission intensities over time with r would be to compute the ratio of energy transfer to emission
probabilities for the donor dye, given by eq 2.6. This ratio is only dependent on orientation 2 and
distance r parameters but, and in contrast to E, not on ®f. That is, nonradiative transitions may
deplete the energy jointly available for emission and energy transfer processes but do not affect
their mutual relationship, which remains constant over time (see also the diagram in Figure 2.1).
Importantly, the independence of the ratio of probabilities for energy transfer and emission is of
general validity provided only one species is emissive for the donor dye. Such a situation would
be applicable for Cy3 under the assumption that only the trans configurational isomer is emissive
(vide supra). For a more complete analysis of Cy3 photophysics based on a Jablonski diagram,

please see references 15 and 31.
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It next follows that distance r at which the energy transfer and the emission probabilities for the
donor dye are the same may be determined. The radius of emission-transfer equipartition (Rgr)
may thus be defined, in analogy to the Forster radius (eq 2.7). The ratio k;/k2 may then be

calculated as a function of Rg; upon rearranging eqs 2.6 and 2.7 (see eq 2.8). Note once again

that this magnitude is devoid of artifacts associated with fluctuations in ®p.

Toward the ensuing discussion, a change of variables should be adopted where instead of utilizing
rate constants or coefficients k, it is most suitable to next utilize rates v for a given process (see
Figure 2.1 and eq 2.8; see also Section 2.6.3 for more details). This change of variables is required
when discussing the rate of excitation of fluorophores, toward ultimately defining fluorescence
quantum yields as the rate of emission over the rate of excitation.*® This becomes most apparent
in eq 2.9 below, where the fluorescence quantum yield of the acceptor, ®f, is expressed in terms
of its rate of emission, v, over its rate of excitation, v, which in turn is the rate of energy transfer

from the donor (use of the rate constant of energy transfer, kt, would have no physical meaning at

this point).
kr _ k2 (9000(In10)
P (12811'5N n4)]( ) (26)
(5 {9000(In10)
Rgr = (K (1281T5NAn4)]( )) 2.7)
k
5 =35 = Rer/1)° (28)

To directly relate the acceptor emission intensity and donor emission intensity with r, we may use
the interdependence of the acceptor excitation rate through energy transfer to its rate of emission,
as shown in eq 2.9. Combining eqgs 2.8 and 2.9, a newly obtained expression (eq 2.10) renders the
ratio of rates of emission for the acceptor over the donor, independently of nonradiative transitions
(and @F) of the donor dye. It next follows to replace these rates of photon emission by the rates of
photon detection for both the acceptor, 1, and the donor, I, (see eqs 2.11-2.12, where n4 and np
are the detection efficiencies for the acceptor and donor channel, respectively). Ultimately, we
obtain the expression given by eq 2.13, relating distance r with the corrected emission intensities

of the acceptor and the donor, yet independent of the value of ®F.
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The proximity ratio, E,, (eq 2.1), typically applied in SMF studies to estimate an apparent FRET
efficiency,*> ** may now be expressed in terms of Ry upon combining eqgs 2.13 and 2.1 to yield
a new equation, eq 2.14. Whereas both eqs 2.13 and 2.14 show a dependence of distance r on the
acceptor fluorescence quantum yield (and thus nonradiative transitions), the dependence of the
environment on the donor dye is removed. The calculation of the absolute efficiency of energy
transfer, E, in terms of the single-molecule emission intensity trajectories is shown for comparison
in eq 2.15, which shows the additional appearance of the term ®f in the correction factor, y (see

Sections 2.6.2 and 2.6.4 for more details about y).

_ Ia _ 1 1
Epr = Iatlp 142 LoD (L)G (2.14)
‘a N4 &P \RET
E= 14/(naof) _ 1 1 1 1 (2.15)
= = A = Ty — s — 3 .
14/(na®f)+1p/(np®f n4% \Ip 142 1+L(L) 1+(Z
O T R YT T e S s

To validate the convenience of using E,, given its independence on fluctuations on nonradiative
decay processes of the donor dye, we next recorded single-molecule intensity—time trajectories
and calculated E,,. for three donor—acceptor-labeled RNA structures differing in the fluorescence
quantum yield of the donor dye. To this end, we utilized a TIRFM setup** coupled to an electron
multiplied CCD camera (see Figure 2.2 for a cartoon and section 2.6 for additional details). The
structures utilized were prepared bearing the donor dye Cy3 (or its rigid analogue Cy3B) and the

acceptor dye Cy5. The dyes were attached at similar positions in the three constructs (preserving
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r and J(1)), yet the structures differed in the anchoring chemistry utilized to tag the nucleic acid
with Cy3, or in the actual structure of the chromophore, effectively affecting ®P (see Table 2.1).
Specifically, DNA/RNA duplexes with 20 base overhangs were tagged with a Cy3 either through
an internal amidite, where the dye becomes part of the RNA phosphate backbone minimizing its
rotational freedom (Cy3/R4,), or through a succinimide linker to a nucleotide base, enabling ample
rotational motion (Cy3/R5,). Alternatively, we used Cy3B, a rigid form of Cy3 unable to undergo

configurational changes (trans—cis photoisomerization) upon photoexcitation (Cy3B/R5,).%*
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Figure 2.2. Experimental design and distribution of Epr values recorded from smFRET total
internal reflection fluorescence (TIRF) experiments. (a) Eighteen base pair DNA/RNA hybrid
duplex region with 3' RNA overhang (dye/R;); DNA is shown in pink and RNA in black. (b) RNA
template (3’ overhang, dye/RX) sequences used in our studies, where n denotes the length of the
3’ overhang, and X specifies the dye functionalization strategy (A for amidite and S for
succinimide); the Cy3 position is displayed as a hook when an internal Cy3 amidite is used and as
a stem when a succinimide—C6 linker is used. Cy5 and ATTOG647N in (a) are terminal amidites.
(c) Schematic illustration of surface immobilization of oligonucleotides used in sSmFRET. (d)
Cartoon illustrating a DNA/RNA duplex before (left) and after (right) HCV-NS5B binding. (e)
Ensemble histograms of single-molecule E,,,. values for DNA/RNA duplexes before (left) and after

(right) HCV-NS5B binding (E,, was corrected as detailed in Sections 2.6.4-2.6.7). (f) Chemical
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structures of the linkers utilized to couple the donor (either Cy3 or Cy3B) in Cy3/R5,, Cy3B/R5,,
and Cy3/R%,.

Consistent with our estimates, the three constructs displayed a similar ensemble distribution for
E,, regardless of the values of ®f characterizing the donor dye in each structure (Figure 2.2¢).
(These distributions were assembled from the single-molecule intensity—time trajectories recorded
for the surface-immobilized constructs in a buffer solution in the presence of an antifading
cocktail.) Specifically, upon Gaussian fittings, maximums of 0.34, 0.34, and 0.40 were found for
Cy3/R5,, Cy3BI/R5,, and Cy3/R4, respectively, after correcting the trajectories for background,
cross-talk, and direct excitation of the Cy5 dye (see Sections 2.6.4-2.6.7). The shift in the
maximum for Cy3/RZ,, compared to that for Cy3/R5,, and Cy3B/R5,, may be accounted for by
the slightly closer position of Cy3 to Cy5 in the former structure. We may not rule out the

contribution of «? as the donor dye in Cy3/R4,, has a more restricted rotational movement.

Table 2.1. Photophysical and Energy Transfer Parameters for Cy3, Cy3B and Cy5 Attached
to Oligonucleotides.

@; J(A) (Mem3) Ro(hm) Rer(hm) Ree(nm)

Cy3/R5,® 0.09 7.45x10%® 4.81 7.19 6.36
Cy3/R3,° 0.15 7.90x10™3 5.23 7.26 6.42
Cy3B/R3,° 0.98 9.07x10%® 7.41 7.43 6.57

Cy5/D18d 0.48 - - - -

Superscript letters indicate the structures of the dyes as per Figure 3.5. All parameters were
measured in imaging buffer. DiD was used as a standard in methanol for red dyes®® (®f =0.33)

and PM605 was used as standard for green dyes®” (&, = 0.72 in acetonitrile).

We next explored the effect on E,,. distributions upon the addition of a protein, the HCV
nonstructural protein 5B (HCV-NS5B).**#" This is a polymerase protein that, on the basis of our
previous studies, affects the absolute FRET efficiency in the construct Cy3/R4,, a result of bringing
the donor and the acceptor dye closer in distance after the protein binding along the single-stranded
RNA region.® HCV-NS5B additionally induces PIFE after binding to the Cy3/R4, structure
(Figure 2.9).
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The E,, distributions obtained in the presence of HCV-NS5B were similar in each case and
showed a marked shift toward higher E,,. values (closer donor—acceptor distance r) compared to
those obtained with no protein (Figure 2.2e). In the presence of HCV-NS5B, maximums of 0.71,
0.68, and 0.70 were found for Cy3/R5,, Cy3B/R5,, and Cy3/R4,, respectively, after correcting the
trajectories for background and cross-talk. This similarity is remarkable as the three constructs

studied differed in their ®F and also in the magnitude of PIFE in the presence of HCV-NS5B.

Upon establishing the convenience of working with E,,., a new magnitude, for which we coined
the name radius of emission equipartition, Rgz, may be introduced highlighting the distance r at
which the donor and acceptor emissions have the same probability per unit time, yielding E,, =
0.5 (assuming (np/n4) = 1). A direct comparison of eqs 2.14 and 2.15 illustrates that Rz may be
defined as shown in eq 2.16, underscoring the dependence of Rz on the fluorescence quantum
yield of the acceptor dye (but not the donor), on Rgy, and on the donor/acceptor detection
efficiency ratio, n,/n,, Which can be either estimated or calculated experimentally. In turn, the

relationship between E,,. and r as a function of Rg is given by eq 2.17.

~ 1.0
0.8-
0.61
0.4

0.2
1Solid line: Efficiency
Dotted line: Proximity Ratio
0. 0=

0 2 4 6 8 10 12
Distance r (nm)

FRET Efficiency (E)
or Proximity Ratio (E

Figure 2.3. Theoretical Distance Dependence of FRET Efficiency E and Proximity Ratio Epr.
The theoretical curves were calculated utilizing equations in Table 2.2 and the absorption and
emission spectra of the dyes in the 3 constructs studied. Herein it has been assumed k2 = 2/3 and
np/n4=1. Solid and dotted lines represent FRET efficiency and proximity ratio respectively.

Changes in E,, with distance r will be most sensitive in the proximity of R, the inflection point

of the curve of E,,. versus r provided that n,/n, = 1 (Figure 2.3). The magnitude Rgg may thus
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provide a more suitable parameter to select a given donor—acceptor pair when performing SMF
measurements on distance fluctuations, in analogy to the popular use of the Forster radius when
working with the bulk absolute efficiency of energy transfer E. Table 2.2 summarizes and

compares the properties of E and E.

1
Res = (9F)*Rpr = (0 (F2m2) J (4 )) (2.16)
Ig 1
pr = = — (2.17)
e 1+Z_2(REE)

Table 2.2. Properties of absolute efficiency of energy transfer and Proximity ratio.

Absolute efficiency Proximity ratio
Ll 1 . _ L 1
Equation T Lyl 6 T L+, .. b 6
1+ (Ro) 1+~ Na (REE)
RS = (D/?RgT REg = (D}ngT
Sensitive range 9000(In10 9000(In10
= 7 K? 9000(in10) ) @) = OfK? ;) (D)
12875 N, nt 12875N,n*
@7 Dependence + -
@} Dependence + +

Consistent with the above discussion, Figure 2.3 illustrates that E,,,. curves vary minimally from
construct to construct as Rgg is independent of CD}’ . The small variation observed is due to the
spectral overlap integral difference for the different constructs studied (Figure 2.6). In turn, the E
curves as a function of » show marked differences arising from the differing values of (1)]’3 for the

three constructs studied.

2.5.2 Unifying FRET and PIFE Methods

Upon inspection of Figure 2.1, one may intuitively conclude that an increase/(decrease) in the

donor intrinsic fluorescence quantum yield resulting from, for example, the PIFE phenomena will
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translate to a potential—considering that the dye interdistance and x are not affected—
increase/(decrease) in the acceptor emission intensity, in as far as the environmental effects acting
on the donor dye do not affect the emission properties of the acceptor chromophore. In other words,
a drop/(enhancement) of the rate accounting for the nonradiative processes would be accompanied
by a larger/(smaller) joint rate for donor emission and energy transfer to take place, without

affecting their mutual relationship.

One may place the previous qualitative observation into a quantitative result and show that the

PIFE technique, typically applied to Cy3-labeled substrates, may be extended to donor—acceptor-
labeled constructs provided environmental effects only translate to changes in @}3 but not cD;‘ A

first step is to consider that the rate of excitation for the donor dye, v2,, remains constant
throughout the experiment, where the excitation rate equals the rate of decay through all processes
including donor emission and—when the acceptor is in close proximity—donor energy transfer
(eq 2.33). Realizing that the rate of excitation of the acceptor in turn is given by the rate of energy
transfer from the donor (where direct acceptor excitation would be nonexistent or corrected for
otherwise), an equation may be formulated relating the rate of energy transfer from the donor with
an acceptor fluorescence quantum yield and the rate of emission from the acceptor (eq 2.34). The
constant rate of excitation of the donor may be ultimately expressed in terms of rates of emission
of the donor and the acceptor each normalized by their intrinsic fluorescence quantum yields (eq
2.35). Rates of emission may in turn be replaced by rates of photon detection, that is, donor and
acceptor intensities (corrected for background and cross-talk), to yield an expression like eq 2.18
below (eq 2.36).

D Ip Ia
Voo = + —= 2.18
ex 77D(D? nA‘I’? ( )

Provided the fluorescence quantum yield of the acceptor remains constant with time, fluctuations
in the fluorescence quantum vyield of the donor over time in eq 2.18 must be compensated by
changes in the donor and acceptor emission to keep the right term in eq 2.18 constant. Considering
that the fluorescence quantum yield of the donor can be written in terms of its initial value before

protein arrival cD]’?" and a factor D accounting for fluctuations in (D}? over time (eq 2.19 below),

one may reorganize eq 2.18 yielding eq 2.20 below.
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D
o2 =D ° 2.1
P = D, (2.19)
D — ID(t) IA(t) 2 20
Vex UDD(D?O WA(D? ( : )

Rearrangement of eq 2.20 ultimately leads to eq 2.21 below (see also eqs 2.36-2.44), where the
left term is acquired before the arrival of a protein for every single molecule and is once again
constant. The right term in turn shows that the donor intensity and acceptor intensities change over

time, as does the term D, yet they compensate to yield the right term a constant.

V01D0+IA0 :XO:%ID-I_IA (221)

In a final reorganization of eq 2.21, one may retrieve the fluorescence quantum yield enhancement
factor, D, that would be observed for the donor in the absence of the acceptor, that is, the PIFE
signal reflecting changes in the fluorescence quantum yield of the donor dye with time (eq 2.22).
Here I, and I, are the intensities per unit time of the donor and the acceptor, respectively, at any
time (corrected by background and cross-talk), y, is the correction factor for fluorescence quantum
yields and detection efficiencies for both donor and acceptor dyes in their channels*®° (see also
eq 2.15 and section 2.6), evaluated at a reference time, before protein arrival/environmental
change. The factor X, = Ip, v, + I4, is given by the intensities of the donor and the acceptor, I,
and I, , respectively, at the reference time (see also Section 2.6.3 for a derivation of eq 2.22).
Importantly, the value of D is insensitive to changes in the rate of energy transfer associated to,
for example, changes in the orientational factor or interdye distances. Equation 2.22 applies both
for a donor—acceptor-labeled structure where @}4 remains constant and also for a donor-only-

labeled construct, when I,, and I, values are zero, and the expression simplifies to the standard

(donor-only) PIFE version where D is given by the ratio D = II—D

Do

D =2r (2.22)

T Xo—Ia

It follows that unification of PIFE and FRET methods toward measuring distance fluctuations is
thus possible as one may obtain readout values for PIFE when the structure bears an acceptor dye.

PIFE and FRET may thus be conveniently combined providing parallel complementary

74



Chapter 2

information in a single experiment. The analysis behind the proposed method enables for PIFE
and FRET changes to be disentangled when FRET is not constant (i.e., there is sliding of the
protein affecting the donor and acceptor mutual distances) and when the intrinsic (in the absence
of the acceptor) fluorescence quantum yield of the donor dye is also not constant, as a result of

protein binding and, for example, sliding.

A new method, I-FRET, is thus proposed to monitor conformational changes spanning from a few
angstroms (protein-induced intensity fluctuations “I”’) to a few nanometers (FRET fluctuations).
This is experimentally demonstrated by monitoring the donor and acceptor fluorescence
intensity—time trajectories obtained for Cy3/R%,, following the addition of HCV-NS5B (Figure
2.4a), and then calculating both E,,. and D values for the same trajectory (Figure 2.4b,c,
respectively). Importantly, to satisfy that @jﬁ’ remains constant, we utilized ATTO647N rather than
Cy5 as the latter has been shown to also undergo PIFE.® Further, the sequence was enlarged 6

bases to ensure working under a sensitive FRET range.
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Figure 2.4. Deconvolution of PIFE and FRET Trajectories (I-FRET). Single molecule
intensity-time trajectories and calculated PIFE and FRET trajectories are shown for doubly-labeled
DNA(ATTO647N)/RNA (Cy3/R%) duplexes before and after flowing 100 nM of NS5B. (a)
Representative donor (green) and acceptor (red) intensity-time trajectories for doubly-labeled
DNA/RNA duplex. (b) Calculated proximity ratio E, from trajectories in (a). (c) Calculated D
for doubly-labeled DNA/RNA duplex according to equation 2.22. Combining results from (b) and
(c) one obtains I-FRET results. (Correction parameter used for E,,. and D analysis were yo = 2.6

and g = 0.09, (Figure 2.7)).

Figure 2.4 illustrates that upon protein binding, the expected anticorrelated change in the donor
and acceptor signals is not observed, rather the Cy3 intensity remains relatively constant while that
of ATTO647N increases. The expected decrease in the donor signal as the protein brings to close
proximity the acceptor and donor dyes is compensated here by the increase in the intrinsic (in the
absence of the acceptor) fluorescence quantum yield of the donor, highlighting the outcome of the
combined PIFE and FRET effects. Although anticorrelation is not observed, an increase in the
total signal over time, and on D as given by eq 2.22 (qualitatively and quantitatively reporting on

PIFE, respectively) and a change in E,,,. (reporting on FRET), may be observed.

Upon inspection of Figure 2.4, it may be additionally appreciated that after acceptor
photobleaching, evaluation of E,,. serves no purpose, in turn the value of D may be recorded
through all times, from the initiation of the experiment, before protein arrival, through the arrival
of the protein, past the acceptor photobleaching, and till donor photobleaching. The PIFE time
trajectory retrieved before and after acceptor photobleaching is unaffected, albeit there is a

substantial increase in the donor emission after acceptor photobleaching.

2.6 Conclusions

Our work opens the door for single-molecule FRET studies to be conducted in the presence of
either a donor emission enhancer (e.g., a protein when conducting experiments with Cy3) or an
emission quencher (such as that observed upon PeT). Those perturbations, although affecting the
intrinsic fluorescence quantum vyield of the donor, do not prevent our ability to retrieve
donor—acceptor interdye distances in SMF studies. Such a limitation is apparent when the analysis
involves the absolute efficiency of energy transfer but not when the recorded magnitude is the ratio
of acceptor intensity over total intensity. Restrictions still exist, however, requiring for no

perturbations to apply to the acceptor fluorophore in a FRET pair. It is interesting to mention that
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in the context of using E,, as the parameter of choice in single-molecule FRET studies, a new
convention should be chosen in selecting a donor— acceptor pair. Instead of utilizing the popular
Forster radius, we propose adopting Ry devoid of artifacts associated with fluctuations in the

fluorescence quantum yields of either the donor or the acceptor dye.

An equally important outcome of our work is the realization that FRET and PIFE techniques may
be unified enabling retrieving distance parameters from a few angstroms to nanometers in doubly
labeled donor—acceptor pairs. Essentially, the acceptor becomes a surrogate reporter of
fluctuations in the donor dye, where a drop in the rate of nonradiative decay increases the energy
jointly available for either emission or energy transfer processes and where distance fluctuations

determine how much of that energy is partitioned between both pathways.
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2.7 Supplementary Information

2.7.1 Modifications to Oligonucleotides and Spectral Discrimination of Dyes
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Figure 2.5. Dyes and Modifications Utilized: Chemical structure of the various dye conjugates
utilized, Cy3 and Cy3B appear in green and Cy5 and ATTO647N in red. Conjugate (a) utilized in
R5, is a cytidylate terminated 3° overhang with Cy3 tethered to the phosphate at position 3 of the
ribose via a succinimide linker. Conjugate (b) utilized in R4, is an internal Cy3 tethered to the
phosphate backbone (internal amidite). Conjugate (c) utilized in RS, is a cytidylate terminated 3’
overhang with Cy3B tethered to the phosphate at position 3’ of the ribose via a succinimide linker.
Structure (d) shows the biotin conjugation at the 3’ end of the DNA strand. (e) and (f) correspond
to Cy5 and ATTO647N>! conjugates at the 5° end of the DNA strand respectively.
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Figure 2.6. Cy3, Cy3B and Cy5 Spectral Discrimination. Absorbance (dotted line) and
fluorescence (solid line) spectra of Cy3 (green) Cy3B (light green) and Cy5 (red) labeled
oligonucleotides. Superimposed on the spectra are the bandpass profiles for the emission filters
utilized for the Cy3 and Cy5 channels.

2.7.2 Revision of the Most Important Equations Used in FRET

The rate constant of energy transfer k; was defined by Forster as shown in equation 2.23 below.
39,41, 42 1t depends on the spectral overlap integral between donor and acceptor dyes J(4), the
fluorescence quantum yield of the donor in the absence of acceptor CD}), the donor lifetime in the

absence of acceptor 773, the refractive index of the medium n, the Avogadro’s number Ny, the
geometric factor k2 which accounts for the relative dipole orientation between the donor and
acceptor and the interfluorophore distance r. The Forster Radius R, defined as the distance r at
which 50 percent of the energy is transferred to the acceptor, is described by equation 2.24.
Combining equations 2.23 and 2.24, the rate of energy transfer may be written as shown in

equation 2.25.

_ ©2k?% (9000(In10)

r = Thr6 (1281‘[5NAn4)](A) (2.23)
_ 9000(In10)

Ro = (CD (128n5N n4)]( )) (2.24)
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kr =3 (&)6 (2.25)

Ta r

The energy transfer efficiency E, defined as the fraction of the donor excitation that is transferred
to the acceptor, is given by equation 2.26,°2 where k,. is the radiative decay rate constant and k,,,
is the sum of all other non-radiative decay rates constants (excluding energy transfer). Several
methods have been utilised to measure FRET Efficiency. It may be calculated from the donor
emission intensity as shown in equation 2.27, where @ and @P* are the fluorescence quantum
yields of the donor in the absence and presence of acceptor, respectively. Intensities (I° and 1°4)

or lifetimes (72 and 754) can be used instead of quantum yield.

kT 1

E=p it —= i) (2.26)
0
_ q)?A _ DA _ TgA

Provided that the acceptor is fluorescent, E may also be obtained using equation 2.28 below,
where I, and I;" are the background corrected experimental intensities of the donor and acceptor

respectively.>®

In order to obtain accurate values for E, corrections must be applied to account for crosstalk
(leakage) of the donor into the acceptor channel, differences in the donor and acceptor quantum
yields of fluorescence and differences in the detection efficiencies of the two channels (Figure
2.7).%84 In some cases, direct excitation of the acceptor I?£ can also be taken into account,
especially when efficiency is low and direct excitation becomes an important part of the acceptor
signal. In equation 2.28, I, corrects for the crosstalk of donor emission into the acceptor channel
and IPE for direct excitation of the acceptor. I, is then the fully corrected acceptor intensity. The
parameter y as shown in equation 2.29 accounts for the differences in the fluorescence quantum

yield @y and detection efficiency n of donor and acceptor channels.

O IP-pIp-12E I,
E= 177 -B1p-1RE+yIp " Iatyip (2.28)
d)A
y="1_"L (2.29)

C d)?
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Correction parameters 8 and y can be calculated from single molecule intensity-time trajectories.®®
52,5455 The correction factor y is equivalent to -AI;*F /A, when there is neither crosstalk from
the donor to the acceptor channel nor direct excitation of the acceptor (see Figure 2.7 and text
therein), where AL;*? and AI,, are the acceptor and donor intensity changes, respectively when
acceptor photobleaching occurs. 8 is determined according to I,/ I,, where I, and I}, are the
intensities in the acceptor and donor channels respectively, corrected for background and recorded

following acceptor photobleaching and prior to donor photobleaching.

The most frequently used single-molecule spectroscopy analysis based on FRET to monitor
distance-conformational fluctuations uses the ratiometric method as an approximation to the real
FRET efficiency. This analysis represents the ratio between the acceptor detected fluorescence and
the total detected fluorescence (donor + acceptor). When intensities are neither corrected for
background nor for crosstalk the result has been termed proximity factor P °6, proximity ratio P°’
PR%® or relative proximity ratio Epr5°. When intensities are corrected for background and crosstalk
it has been called apparent FRET efficiency E,,,.>*% Recently, proximity ratio E,, has been
amply adopted with a new computation involved, where intensities are corrected for both
background and crosstalk.®* ®1-%2 n this work we have adopted E,,, in its new definition as the

nomenclature of use. In this specific case, we have also corrected by direct excitation (see equation
2.30).

E,, = 4 —PoolA”__ _la (2.30)

PT T ISP _BIp—1RE+1p T Ia+Ip

In utilizing the above equation to calculate FRET efficiency E, it is assumed that n,, @19 = nAch‘.

This method provides an apparent value for E as recognized in the published literature.

2.7.3 Extracting Changes in the Fluorescence Quantum Yield from FRET
Traces

In single molecule experiments, depending on the power of the excitation source, a fluorescent
dye may usually undergo several excitation cycles per second and therefore it is convenient to
focus on the quanta of energy absorbed, transferred, lost as heat or emitted per second. In the case

of absorption and emission processes, those quanta of energy are called photons. For convenience
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we will discuss the rates (v) of the processes to differentiate them from the rate constants (k) (k,
for radiative and k,,,- for non-radiative processes). These new rates (v) may change over the course
of the experiment as they will depend on the flux of photons from the excitation source (laser

excitation power for the donor and energy transfer rate for the acceptor).

The excitation rate v,, is the number of times a molecule is excited per unit time. The radiative
decay rates v? and v/ are the number of times the excited donor and acceptor respectively, emit
a photon per unit time. Non-radiative decay rates v2. and v/ are the number of times the excited
donor and acceptor respectively deactivate the excited state through non-radiative processes,
excluding energy transfer. Finally, v; is the number of times the donor can transfer a quantum of

energy to the acceptor per unit time (see Figure 2.1)

A Kkinetic balance may be obtained from all the processes that populate and depopulate the excited
state. The rate of excitation of the donor is equal to the sum of the rates for all the processes that
depopulate the excited state of the donor. In the absence of an acceptor, the excited state is
depopulated by radiative (emission of a photon) and non-radiative processes (all other paths) as
shown by equation 2.31, where I,,.(t) and o, are the excitation flux of photons (s cm2) and the

absorption cross section on the donor (cm?) respectively.
lex(t)op = ‘Uer = vr?r + er (2.31)

The fluorescence quantum yield of the donor can be written as:

®P = kP vP
s kgr"'krD UT?r"'vTD

(2.32)

In the presence of an acceptor, a new deactivation process involving energy transfer to the acceptor
dye is added to the excited donor, therefore the new balance is:

vl = vl +vP + v, (2.33)

As shown in equation 2.9, only a fraction of the energy transferred from the donor to the acceptor
will be converted into photons, this fraction is given by the quantum yield of fluorescence of the

acceptor dye.
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Of = vA/vr (2.34)

Replacing equations 2.34 and 2.32 in 2.33 will yield equation 2.35. This equation is valid

independently of the rate v, of energy transfer.

A

v =2 4 2 (2.35)

Py O
In order to convert v? to rates of photon detection for the acceptor (I,(t)) and donor (I, (t)), it is
necessary to correct for a detection efficiency factor () accounting for the collection efficiency of
the objective, losses due to reflection at multiple interfaces and quantum detection efficiency of
the detector utilized. Then v? = I, (t)/np and v = I,(t)/n4. Replacing in equation 2.35, we

obtain equation 2.36. Multiplying equation 2.36 by nACD;‘ and using the definition of y in

equation 2.29 will lead to equation 2.37.

p _ Ip®) 14(t)
n40%
Ué?ancD;l = _nndé Ip(t) + 14(t) = yIp(t) + I, (2) (2.37)

Armed with equation 2.37, the fluorescence quantum yield of the donor can be written in terms

of the initial fluorescence quantum yield of the donor and a factor D accounting for fluctuations in

@}) over time (equation 2.38. Replacing equation 2.38 in 2.37 yield equation 2.39.

Do

D _
®f = DO (2.38)
ey S (O + L) =L1I,(6) + L(t 2.39
exTlA f_nDD(D}lzoD a(t) =T Ip(t) + 14(t) (2.39)

Note that y, is defined as a fixed initial parameter and it does not depend on variations of the
fluorescence quantum vyield of the donor. If the rate of the donor excitation v2., detection

efficiency n, and fluorescence quantum yield of the acceptor (D,ﬁ‘ remain constant, the left side of
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equation 17 is a constant, and then the right side of the equation 2.39 should also remain constant.

Using an initial value of D = D, = 1, an initial condition can be calculated as:
(VerWA‘D}q)O = Xo = Yolp, T+ 14, (2.40)

As discussed above X, will remain constant over the course of the experiment, provided that

A (vernAcD]i‘) = 0. Equation 2.39 and 2.40 can then be combined to yield:
Yolp, +1ay = Xo = 2 Ip (£) + 14 (2) (2.41)

Rearranging equation 2.41, the factor D by which the fluorescence quantum yield of the donor is
varied, can be calculated as:

Ip(O)Yo Ip(Oyo
_ _ 2.42
VOID0+IA0_IA(t) XO_IA(t) ( )

Similarly, an equation to track changes in the fluorescence quantum vyield of the acceptor,

assuming that CI)]‘? is constant, can be derived from equation 2.36 where CDf‘ = ACD?O.
w2 np®2 = I, (t) + 0% (t) (2.43)
exlp P D nAAcb‘;}O A .

Using equation 2.29, equation 2.43 can be reduced to:

VB DF = Ip(8) + 7~ 14() (2.44)
Using an initial value of A = 1, the initial condition can be calculated as:

(veran)?)O =Yy=1Ip, + ],_1OIA0 (2.45)

Rearranging equations 2.44 and 2.45, the factor A by which the fluorescence quantum yield of

the acceptor is varied, can be calculated as:

_ 14(8)
"~ yo(Yo-Ip(t) (2.46)
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2.7.4 Determination of y from SMF Experiments Considering Donor-acceptor
Cross-talk and Direct Excitation of the Acceptor

The parameter y is typically determined following photobleaching of the acceptor, where the
experimentally observed anticorrelated changes in the donor and acceptor signals, Al and
AIZ*P | respectively, are measured and used in the calculation, according to equation 2.47 (see also
Fig. 2.7). This equation assumes that the recorded changes are purely due to deactivation of FRET
energy transfer following photodestruction of the acceptor chromophore, where quanta not

delivered to and emitted in the acceptor channel are in turn available for emission from the donor

channel.
y=—§j§+if§ (2.47)
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Figure 2.7. Measurement of y from the Donor and Acceptor Intensity-time Trajectories.
Representation of traces for a donor-acceptor pair where y can be calculated upon the anti-
correlated change in acceptor (red) and donor (green) intensity when the acceptor photobleaches.
Acceptor and donor photobleaching are indicated with inverted triangles V. The black trace
represents an imaginary trace for the leakage and its respective change after a donor change in
intensity. (8 = 0.1, y = 2.16)

The experimental change in the donor channel, AIZ*P | is purely the result of the deactivation of
emissive losses from the donor that takes place via energy transfer from the donor to the acceptor

channel AIET. This deactivation upon acceptor photobleaching results in an increase in intensity
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(equation 2.48). In turn, the intensity drop in the acceptor channel, AI,*”, may contain elements
from donor-acceptor cross-talk as well as from the direct excitation of the acceptor, not considered
in equation 2.47. The experimentally observed change in the acceptor signal will then be given
by equation 2.49, where AIET accounts for energy transfer from the donor dye to the acceptor dye
via dipole-dipole interaction and where a parameter AI$T is introduced accounting for donor cross-
talk into the acceptor channel. A second parameter AIPE is introduced to account for direct

excitation of the acceptor by the laser line. The parameter y is then given by equation 2.50.

AL = AIET (2.48)

AP = AIET + AIST + AIDE (2.49)
_ Mgt AT

Y= AIET - Algxp (250)

Utilizing equations 2.48 and 2.49, the experimental change in the acceptor channel over the donor
channel can be written as shown below in equation 2.51. It may be appreciated that the first term
on the right side of equation 2.51 corresponds to —y. In turn, the second and third term may be
computed. Specifically, one may show that the change in cross talk signal in the acceptor channel
AIST upon acceptor photobleaching is directly proportional to the simultaneous increase in donor
signal AI;*? upon acceptor photobleaching, where the proportionality constant is 8, see equation
2.52 and also equation 2.28 and text therein. Then, the second term on the right side of equation
2.51 is equal to .

The third term to the right may be calculated from a simple consideration based on the absorption
cross section values for the donor o}, and acceptor g, dyes at the donor excitation wavelength, see
equation 2.53. Specifically, the emission arising upon direct excitation of the acceptor (constant
throughout the experiment in as far as CDf‘ remains constant) I should be proportional to that

arising upon direct excitation of the donor. The latter is given by Ij,, see Figure 2.7. The
proportionality constant is given by the correction factor y due to fluorescence quantum yield and
detection efficiencies of both dyes, and the correction factor for differences in cross section for
both dyes, a,/0p, = €,/€p, Where g, and ¢, are the extinction coefficients at the excitation

wavelength of the experiment. In turn, one may show that following acceptor photobleaching, the
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change in intensity from direct excitation is equal to the intensity arising from direct excitation

AIPE = —[PE

exp

Y Y Y Y
8P = e Ty T e (2.51)
AIST = BAISP (2.52)
MRF=—IRF ==lpy2t =—Ipy (253)

Replacing equations 2.50, 2.52 and 2.53 in equation 2.51 gives:

exp

Ay _ _ _,_Ip e
AIle)xp - Y + ﬁ Y AIle)xp €p (254)

Rearranging for y, we obtain the desired equation to determine y following acceptor
photobleaching.

Mexp

A
—4 =+
N2z B

y = + (2.55)
D A
a1 Pep

2.7.5 Apparent FRET Efficiency Correction due to Crosstalk and Direct
Excitation of the Acceptor

In order to obtain proximity ratio E,,. as defined in section 2.6.2, the background subtracted
intensity of the acceptor I;*P must be corrected for both donor-acceptor crosstalk and direct
excitation of the acceptor. Corrections require subtracting the contribution from both those
phenomena (157 and 1) to the experimental intensity recorded in the acceptor channel I,*?. The
acceptor intensity due to energy transfer 157 will then be given by equation 2.56. The contribution
from cross-talk can be expressed as 17 (see also equation 2.52). The contribution due to direct

excitation of the acceptor can be calculated according to equation 2.53. Replacing those values in

equation 2.56 yields equation 2.57.
T =17 — [fT — IPF (2.56)

e e A (257)
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The parameter f may be calculated experimentally from single molecule trajectories after
photobleaching of the acceptor and prior to photobleaching of the donor as described in the
literature.>® 525455 [DE can be calculated from each trajectory using a combination of equations

2.54 and 2.55, as shown in equation 2.58

Al vp
JPE — 1 A _ 1 24 ﬂ 258
A =lbpY__—=1p 7 (2.58)
&p ep\ 14D _¢a
a1 Pep

It is now possible to define E,, as shown in equation 2.59, where I;*and I;*" are the

experimental donor and acceptor intensities, respectively.

ET [€XP_CT _ | DE
Epr = E’II'A ET — epr epr CTA DE (2.59)
15T +15 I PP 15T -15

Alternatively, and for cases where donor photobleaches first, I?€ can be calculated according to
equations 2.60-2.63 using the known y. Here equation 2.60 may be directly inferred from

equation 2.41.
exp IET ’

1"+ = I} (2.60)
Combining equations 2.53 and 2.60 gives:

1RF = (yiy® +15T) 2 (2.61)
Combining equations 2.57 and 2.61 gives:

&
RF = (vIp? + 177 = Bl = IRF) 2 (2.62)

Reorganizing equation 2.62 for I and using f = (1 + &p/&4) 7 results in a new expression for

IPE, equation 2.63.

IDF = f((v = DIF* +1;7) (2.63)
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2.7.6 Distribution of E,, Values Recorded from SMFRET TIRF Experiments

after Correction for Crosstalk and before Correction for Direct Excitation of

the Acceptor
3
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Figure 2.8. Distribution of E, Values Recorded from SMFRET TIRF Experiments Before
Direct Acceptor Excitation Corrections. a. Cartoon illustrating a DNA/RNA duplex before (left)
and after (right) HCV-NS5B binding. b. Uncorrected ensemble histograms of single-molecule E,,.
values for DNA/RNA duplexes before (left) and after (right) HCV-NS5B binding. c. Chemical
structures of the linkers utilized to couple the donor (either Cy3 or Cy3B) in Cy3B/R3,, Cy3/R5,

and Cy3/R3,.
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2.7.7 Correction Parameters Utilized to Correct Single-Molecule Data

Table 2.3. Correction Parameters

dye pair/RX Crosstalk (B) Gamma (y) £p/€4 (532nm)
Cy3 — Cy5/R§0a 0.09 £ 0.04 (74) 2.6 0.6 (52) 86823/6723
Cy3 — Cy5/RA,P 0.08+0.02(225) 13+03(127)  97893/6723
Cy3B—Cy5/RS,° 0.08 +0.02 (105) 0.37+0.04 (57) 77586/6723
Cy3—ATTO647N/R4,> - 26+04(94)  97893/4500

Superscript letters indicate the structure of the dye in Figure 2.5. Parenthesis indicate the number
of trajectories utilized.

2.7.8 smPIFE TIRF Trajectories of Cy3/R”x in the Presence of 100 nM NS5B

2.0
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Figure 2.9. smPIFE Trajectories of Cy3/R”2 when Flowing 100 nM NS5B. Normalized
trajectories representing different Cy3 photophysical behaviours (associated to different binding
modes) upon NS5B binding to Cy3/R%,. The red trace displays an enhancement-only trajectory.
The blue trace shows a trajectory where enhancement and quenching of Cy3 are both recorded in
the presence of NS5B.
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3.1 Preface

In chapter 1, we summarized the main photochemical and photophysical pathways involved in
the photostabilization of fluorophores in SMF imaging. Among suitable fluorophores for SMF,
cyanines (including Cy3, Cy3B, and Cy5) are the most widely utilized as they exhibit desired
properties including photostability but also photoswitching in the presence of thiols. While the
photostabilization pathway of cyanines in the presence of thiols has been previously studied, the
mechanistic underpinnings of the photochemical reaction allowing photoswitching in Cy5 remains
to be elucidated. In chapter 3 we report the photoswitching mechanism of cyanine dyes as well as
the mechanistic relationship between photoswitching and photostability in the presence of thiols

for this key class of dyes most popular in single molecule studies.
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3.2 Abstract

Cyanines (Cy3, Cy5, Cy3B) are the most utilized dyes for single molecule fluorescence and
localization-based super-resolution imaging. These modalities exploit cyanines’ versatile
photochemical behavior with thiols. A mechanism reconciling seemingly divergent results and
enabling control over cyanine photoreactivity is however missing. Utilizing single molecule
fluorescence, transient-absorption spectroscopy and DFT modelling, herein we show that
photoinduced electron transfer (PeT) from a thiolate to Cy in their triplet excited state, followed
by triplet-to-singlet intersystem crossing in the nascent geminate radical pair, are crucial steps.
Next, a bifurcation occurs, yielding either back electron transfer and regeneration of ground state
Cy, required for photostabilization, or Cy-thiol adduct formation, necessary for super-resolution
microscopy. Cy regeneration via photoinduced thiol-elimination is favored by adduct absorption
spectra broadening. Elimination is also shown to occur through an acid-catalyzed reaction. Overall,
our work provides a roadmap for designing fluorophores, photoswitching agents, and triplet

excited state quenchers for single molecule and super-resolution imaging.

3.3 Introduction

Single molecule fluorescence (SMF) and related super-resolution single molecule localization
microscopy (SMLM'®) imaging methodologies are becoming transformative tools in biology,
chemistry, and physics. Relying on monitoring single fluorophores over time, key to successful
SMF experiments are high signal intensities and extended survival times. While conventional SMF
techniques hinge on good signal stability, in turn, SMLM techniques require dyes to reversibly
transition to dark transient states in photochemical reactions (photoswitching) to restrict the
number of active fluorophores in the illumination field in a given imaging cycle to achieve super-
resolution. Notably, given the opposing constraints for conventional SMF vs SMLM imaging,
cyanine (Cy) dyes are par excellence the dyes utilized for all modalities, when combined with an
oxygen scavenger and B-mercaptoethanol (B-ME). Here Cy3 and its rigid analog Cy3B showed
extended survival times and good signal stability with B-ME (see Fig. 3.1a for structures). In stark
contrast, the photoswitching of Cy5 — later shown to extend to structurally related dyes Cy5.5,*
Cy7,% as well as Alexa Fluor 64747 and 750, - in the presence B-ME provided a timely system,
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over a decade ago now,? to achieve the required on-off switching for the development of single
molecule localization microscopy. Photoswitching in the presence of B-ME has not been observed
however with Cy3, Cy3B and the structurally rigid analog of Cy5, Cy5B,2 (see Fig. 3.2a-b for Cy5
vs Cy5B SMF trajectories acquired with B-ME).

The ability to control and optimize conventional SMF and SMLM imaging by judiciously steering
the photoreaction pathway of cyanine dyes rests on the dichotomy between photostabilization vs
photoswitching activities arising from B-ME. Missing is the molecular understanding reconciling
seemingly divergent results on the photochemistry of cyanine dyes. (Fig. 3.1b-d). Such a
mechanism should account for the enhanced brightness and extended survival time conveyed by
B-ME, and the competing — photochemical® ® and thermally*° reversible - formation of a non-
emissive photoproduct (formally a thiolate addition to the iminium ion rendering a Cy-SR adduct

as shown by mass spectrometry studies,'® Fig. 3.1e).

Herein we provide a unified mechanism on Cy-dye photochemistry that rationalizes several key
SMF observations. Utilizing single molecule fluorescence microscopy, steady-state fluorescence,
and transient absorption spectroscopy (laser flash photolysis, LFP), on Cy5 and Cy5B and
employing density functional theory (DFT) modelling on various Cy dyes, we show that
photoinduced electron transfer (PeT) from a thiolate to the Cy dye triplet excited state generates a
geminate radical pair (GRP), a crucial intermediate to achieving Cy photoswitching and extended

survival time (see Fig. 3.1d).

Thiyl radical assisted triplet-to-singlet intersystem crossing (ISC) in the newly formed GRP proves
key to both photostabilizing (extended survival time) and photoswitching, ensuring geminate
radicals can react before escaping from the solvent cage. Bifurcation between photostabilization
and photoswitching results from competition between i) back electron transfer (BeT), central to
enhanced signal stability and extended survival times, and ii) radical combination, yielding a non-
emissive Cy-thiol adduct, accounting for photoswitching to a non-emissive state, key to super-
resolution imaging. Importantly, the newly formed Cy-thiol adduct has a vanishingly small yet
non-zero absorption cross section which, under the high excitation conditions operating in SMLM
imaging, results in absorption of a photon, uncaging of the iminium ion upon thiolate f-
elimination, and restoration of emission. Notably, thiol elimination is shown here to also proceed

thermally via an acid catalyzed process (see Fig. 3.1e). Accordingly, the lifetime of the Cy-thiol
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adduct (dark state) may be tuned by combination of the excitation rate (depending on laser intensity
and wavelength applied) and pH, where longer lifetimes are achieved at higher pH and lower, red-
shifted, photon fluxes. In turn, the duration of the on time is controlled by the excitation rate and
determined primarily by the interplay of redox potentials of photoexcited Cy dye and thiolates,
and by the probability of the GRP to undergo a back electron-transfer versus a geminate radical
combination (GRC).

In general, our mechanistic studies set the stage to engineer better chromophores and imaging
cocktails toward improved brightness, extended survival times, signal stability, and controlled
photoswitching/on-off cycling for SMF and super-resolution SMLM imaging.
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Figure 3.1. Structure and photoswitching mechanism of cyanine dyes. a. Structures. b.
Mulliken charges and c. Mulliken spin density for ground state and one-electron reduced cyanines
respectively (exemplified with Cy5). d) Proposed photoswitching mechanism of cyanines (Cy) in
the presence of thiolates (RS), illustrating relevant photophysical and photochemical processes
leading to extended survival time. Rate constants for intersystem crossing k;q-, forward
photoinduced electron transfer (PeT) in the excited triplet state k3., intersystem crossing in the
geminate radical pair k;‘fgc, and back electron transfer kg, are listed along a circular pathway
regenerating Cy dyes and resulting in extended photostability (light gray background). A detour
following ISC in the geminate radical pair in blue reflects formation of a Cy5-SR™ adduct upon
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geminate radical combination in competition with back electron transfer. Formation of the adduct

is followed by either photoinduced k2 and/or thermal elimination (k§+) and regeneration of Cy.
(dark gray circular background). The geminate radical pair in the singlet manifold is formed
directly, in parallel, following PeT quenching of the excited singlet state by thiolate (k3.;), see
dashed line in violet. Competing photoprocesses include: in red, the formation of the
nonfluorescent cis-Cy construct (k;s0); in green, the oxidation via photoionization to generate Cy "
(hv, note that oxidation may also happen in the presence of an electron acceptor via PeT, not
shown); in orange radical escape to yield Cy™ and RS’ (k..) €) Cy5 structure before and after a
photoinduced thiolate addition as proposed by Dempsey et al.1?

3.4 Results and Discussion

3.4.1 Dark-state genesis from the triplet manifold

The choice of B-ME as a photostabilizing agent in SMF imaging is traced back to the first SMF
experiments and was based on its reducing power,!! and initially understood to rely on its ability
to scavenge oxidative species involved in photobleaching.’? Ultimately, the enhanced
photostability of cyanine dyes with B-ME arises from a PeT-based quenching of the excited triplet
state of the dye to generate a GRP.** We have previously shown that the GRP is formed in the
triplet manifold. From this state, a rapid, thiyl radical-assisted triplet-to-singlet ISC is the key
photostabilizing pathway of B-ME,** allowing for quantitative BeT to take place as shown by
Holzmeister et al.!® Here, the rapid spin relaxation dynamics in the thiyl radical, resulting from
spin-orbit coupling, allow for otherwise spin-forbidden reactions in the GRP (e.g. BeT in
photostabilization) to outcompete the otherwise prevalent radical escape from the solvent cage
(Fig. 3.1d).%4

The nature of the Cy5 photogenerated reversible dark-state with B-ME and the origin of this
photochemical reaction garnered much attention. Product studies have shown that it formally arises
from the B-addition of thiolate to the iminium ion in Cy5,° though its genesis remains elusive. We
hypothesized that, upon PeT from B-ME to Cy5 in its excited triplet state, followed by triplet-to-
singlet ISC in the newly formed GRP, geminate radical combination gives rise to the Cy-thiol dark
adduct, in direct competition with BeT. Radical combination is consistent with the observed [-
addition product reported, given the high electron spin density for photoreduced Cy5 at this
position (see Fig. 3.1c).
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To confirm that photoswitching is a triplet mediated process in Cy5, we monitored the intensity-
time profile of the dye at the single molecule level. Solutions were prepared bearing increasing
concentrations of potassium iodide to catalyze Cy5 excited singlet to triplet intersystem crossing®
via the heavy atom effect.'® Studies on surface-immobilized Cy5-ssDNA were performed by total
internal reflection fluorescence (TIRF) microscopy (Fig. 3.2a).1" Intensity-time trajectories were
obtained under oxygen-depleted conditions, via enzymatic scavenging, in the presence of 143 mM
B-ME. The duration of the on and off time intervals for every single molecule under a given set of
conditions were recorded (Fig. 3.2b) and next combined in a histogram to establish average on
and off times (z,,, and 7,5, respectively, Fig. 3.2c). Consistent with our hypothesis, we observed
a linear correlation between the rate at which Cy5 reaches the off state (v,sr = 1/7,,) and iodide
concentration (see Fig. 3.2d-e), supporting the involvement of the triplet state in Cy5
photoswitching as initially proposed by Bates et al.? We also observed a linear correlation between
the average number of photons per on interval and its average duration t,, further supporting a

triplet mediated dark state formation, Fig. 3.2f. By plotting v{,}f = vy (the ratio of the switching

rates in the presence and absence of iodide) vs [I'] one may also retrieve the value kf&s = ki,

where kfét is the rate constant of catalyzed ISC of Cy5 by iodide, and kf is the intrinsic
intersystem crossing rate constant of Cy5, see Eq. 3.1 below, Fig 3.2e, and section 3.5.7. The
value of 227 + 14 M we calculated for kf&t = kg is within an order of magnitude of that
previously reported based on fluorescence correlation studies, 125 + 65 M (corrected by the
kinetic salt effect, see section 3.5.7),*® further supporting a triplet-mediated dark state formation.

:T’;—”:,(’_z%zzu%[r] (3.1)
Importantly, the singlet excited state of Cy5 can also give rise directly to the dark state adduct
upon PeT from the thiolate to the singlet excited state, as shown in Fig. 1d (dashed line). Thus,
while the fleeting lifetime of the excited singlet state (t~1x107° s)!8 makes it an elusive intermediate
to trap experimentally compared to the triplet excited state (t~2x107s), it is generated at a much
higher frequency (quantum yield for triplet generation ¢ ;5. ~10~2). We have estimated that, under
typical SMLM experimental conditions (no oxygen, B-ME 143 mM and pH=8), the rate of thiolates
yielding an adduct from the singlet excited state is either smaller or on the same order of magnitude
than that for the triplet (see section 3.5.6).
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Figure 3.2. Assignment of triplet state of Cy5 in the genesis of the dark state via SMF studies.

a. Widefield images vs time depicting fluorescent single molecules studied, arrows point to a single

molecule switching from on to off and back to on states. b. Intensity-time single molecule

trajectories of surface immobilized ssDNA bearing Cy5 (top) and Cy5B (bottom) under oxygen-

depleted conditions with 143 mM B-ME. Time intervals until photobleaching (Cy5B) and where
intensity is either on, or off (Cy5) are established. c. Histograms showing number of events vs time
“on” are next constructed to extract the average time on of Cy5 by fitting an exponential decay
function (similar histograms were constructed to extract the average number of photons and
survival times). d. Histograms showing “on” time for Cy5 as a function of [KI]. e. Linear
dependence between iodide concentration [I7] and v,rr/vors = Ton/Ton (the ratio of the
switching rates in the presence and absence of iodide) as anticipated by Equation 3.1. f. Linear
correlation between the average time on 7,, and the average number of photons per on event. g.
Linear correlation between v, ¢ vs excitation power at room temperature and 37° C. h. Average
number of photons per “on” event as a function of excitation power showing a constant average
number of photons is obtained. A decrease in the average number of detected photons is consistent
with an increased probability of photoisomerization for Cy5 at higher temperatures.® i. Average
on time (green) and average number of photons per “on” event (grey) for Cy5 with B-ME alone or
supplemented with either ascorbic acid (AA) or methyl viologen (MV?"). When supplemented
with 1 mM MV?#*, Cy5 undergoes a single irreversible transition to a dark state.
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In support of our hypothesis on the triplet mediated genesis of Cy5 dark-state, we were able to rule
out various transient intermediates as possible non-emissive states, given their short lifetimes. We
also ruled out alternative pathways that may account for formation of the dark-state photoproduct
Cy5-SR adduct. Accordingly, transient absorption spectroscopy?® studies on Cy5 yielded relatively
short — microsecond to millisecond timescale — lifetimes for its cis photoisomer (cis-Cy5), one
electron oxidized form (radical cation Cy5™) and one electron reduced form (radical anion Cy5™)
(Fig. 3.3 and Table 3.1, see also Sl (section 3.5.1-c) for details). Given their short — sub-
millisecond — lifetimes, and their spectral properties, the above transient species may not account
for the long-lived (seconds) dark state of Cy5. Along the same lines, we note that transient
absorption studies with Cy5B, the locked analog of Cy5 which is unable to undergo
photoswitching,® showed transient species with lifetimes on the same order of magnitude as those
of Cy5. The fact that the transient species of Cy5B show similar lifetimes as those to Cy5 and that
Cy5B is unable to undergo photoswitching (see Fig. 3.2b for a representative trajectory with B-

ME) further supports the hypothesis that none of these transient species account for the dark-state.
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Figure 3.3. Absorption spectra for various transient species of Cy5. Absorption spectra of Cy5
and related transient species such as cis photoisomer, triplet excited state, photooxidized Cy™,
photoreduced Cy™, and the dark state of Cy5 (B-ME-Cy5 adduct, Cy5-SR"). The Cy5-SR™ adduct
was isolated upon irradiating Cy5 with a 100 mW defocused laser (638 nm) in a 450 mM Na>CO3
(pH=11) solution containing 430 mM of B-ME.
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Table 3.1. Lifetimes and spectral properties for the transient species of Cy5 and Cy5B.

T (us) Amax(mm) g (cm M)
Species Cyb Cy5B Cy5 Cy5
cis-Cy 196 + 5 n/a 675 326000
¥Cy 209+19 172124 695 105000
Cy5™ 440 + 10 206 + 6 525 95000
Cy” 853+7 1042+ 15 490 82000
Cy-SR° >10° n/a 311 47000

We additionally ruled out a nucleophilic attack to the Cy5 radical cation (Cy5™) by B-ME in its
anionic form as a possible way to generate the Cy-thiol adduct. The Cy5 radical cation could form
upon the absorption of two photons (Fig. 3.1d, green arrow, see Fig. 3.10): in this case, the rate

Vo5 Would scale with the square of the excitation intensity. In contrast, we have found that v,

scales linearly with the excitation intensity and is temperature independent, consistent with a one-
photon process (Fig. 3.2g). The Cy5 radical cation can also be photochemically generated in the
presence of the electron acceptor methyl viologen (MV?*) (Fig. 3.1d, green arrow). Upon addition
of MV?* in the presence of B-ME, the Cy5 dye underwent irreversible photobleaching yielding
~4000 photons on average before degradation, less than the average ~5000 photons collected on
the on-periods in photoswitching experiments (no MV?*, Fig. 3.2i). Moreover, the average number
of photons per on event was independent of the excitation rate (Fig. 3.2h), further supporting our
proposed mechanism, as the number of times the triplet excited state is reached depends on the
number of excitations rather then the excitation frequency. The decrease in the average number of
photons at higher temperature (Fig. 3.2h) can be explained by the increased rate of isomerization

of cyanines.!®

Consistent with our hypothesis of a triplet state genesis for the Cy5-thiol adduct, SMF studies on
addition of a competing triplet quencher (1 mM ascorbic acid) showed a decreasing rate for Cy5
switching off, as previously shown by Dempsey et al.° Importantly, addition of ascorbic acid thus
increased the average number of photons per switching event by nearly 3-fold (~16000 vs ~5000,

Fig. 3.2i), providing a strategy toward increasing image resolution.
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3.4.2 Photoinduced and acid catalyzed restoration of the fluorescent state

Photoswitching of Cy5 requires fine tuning of the rate at which Cy5 recovers (v,,,) from the newly
formed Cy5-thiol adduct. Notably, uncaging of the thiolate moiety and restoration of the
chromophore was previously reported to take place through indirect illumination of a closely lying,
orange-emitting fluorophore (Cy3).° Direct illumination at relatively short wavelengths, namely
337 nm and 405 nm or even 532 nm was also shown to elicit thiolate uncaging.® Both findings
present a major conundrum as to how the Cy5-thiol adduct, reported to have an absorption peak at

310 nm,> 1% may undergo photoinduced reactions at wavelengths where no absorption is detected.

We speculated that the observed photoinduced uncaging may result from spectral broadening of
the electronic transition of the 310 nm peaked Cy5-thiol adduct absorption.?! Inhomogeneous
broadening of electronic transitions is associated with the thermal motion of solvent molecules in
solution and generates a Gaussian distribution of energies for the 0-0 transition. Broadening of the
electronic spectra resulting in a non-zero probability of excitation, combined with the high
illumination intensities typically utilized in single molecule experiments, we reasoned, allows the
transition of Cy5-SR to an excited electronic state from which uncaging of Cy5-SR is energetically

favorable.

To test our hypothesis, we calculated the rate at which Cy5 recovers (v,, = 1/7,) at different
laser excitation wavelength and power conditions by building the distribution of off times ¢, -
the times to CyS5 recovery - from single molecule intensity-time trajectories of surface immobilized
ssSDNA bearing Cy5 under conditions favorable to thiol adduct formation (oxygen-depleted and
presence of B-ME). The data were acquired in a two-color scheme, exciting with the “uncaging”
wavelength while simultaneously exciting at 647 nm at a constant power to record the Cy5
emission intensity over time (Fig. 3.4a). The data revealed a linear dependence of the rate of Cy5
recovery v,, with laser power upon either 405, 488 or 561 nm irradiation, consistent with a one-
photon process (vs a quadratic dependence that would be expected for a biphotonic process), in
agreement with an electronic transition allowed by spectral broadening. Markedly shallower slopes
(decreasing sensitivity to excitation power) were recorded with increasing wavelengths. Notably,
even excitation at 647 nm resulted in uncaging of the Cy5-thiol adduct albeit the dependence of

v,n With power was much shallower than for 561 nm, see Fig. 3.4a.
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Consistent with our spectral broadening hypothesis, we obtained an action spectrum for the thiolate
photoinduced uncaging, showing a tailing dependence with the wavenumber that can be
approximated with a Gaussian function, see Fig. 3.4b. The action spectrum consisted of the

product £, ®,,, and was obtained from the derivative of the on rate v,,, versus the illumination
power P (dv,y,/dP), where 4 is the excitation wavelength (in nm), &, is the extinction coefficient

(in M cm™) units as a function of wavenumber, and @,, is the quantum yield of uncaging,
independent of A (see section 3.5.8). Related, the indirect uncaging of the Cy5-thiol adduct via a
closely lying blue-shifted, i.e. Cy3, fluorophore would also tap on the broadened absorption
spectrum via a combination of Forster and Dexter energy transfer mechanisms between the blue-
shifted fluorophore and Cy5-SR, where the blue-shifted emitter can act as an antenna to assist the
recovery of the fluorescent form of Cy5, allowing to decrease the illumination intensity by over a
1,000 fold when Cy3 is positioned at distances closer than 1 nm.® Whether direct or indirect, we
postulate that photoinduced uncaging of the thiol involves homolytic cleavage to regenerate a
geminate radical pair whose likelihood to undergo back electron transfer highly outcompetes the

probability of reassociation (kg.r/kcrc ~ 103, see section 3.5.10 for details on estimation).

Single molecule uncaging studies on Cy5-thiol adducts as a function of power and wavelength
exposed a most insightful piece of the puzzle behind Cy5 photoswitching, namely that thiolate
dissociation and restoration of Cy5 takes place in a parallel thermal (dark) reaction. This was
manifested by a non-zero intercept in the linear dependence of the rate of recovery of Cy5 (v,,)
as a function of excitation power (at 647 nm excitation), where the intercept (rate at zero excitation
power) reports the thermal rate of recovery. Comparing the intercept of v,,, as function of the 647
nm irradiance at both 23 and 37 °C and at pH 8.0, we found a minimal change in the intercept
(0.010 +0.001 s vs 0.011 + 0.001 s}), indicative of a very low activation energy process for the

thiol uncaging, see Fig. 3.4c.

The rate of thermal uncaging, recorded as described above via single molecule studies on the
distribution of 7, values was observed to increase with decreasing ionic strength at pH 8.0 as
revealed by an increase on the intercept with no change in the slope for the correlation of v,,, with
power (0.020 + 0.002 s?), see Fig. 3.4c. Given that the net charge of Cy5-SR is negative (two
sulfonate groups (-2)), the observed kinetic salt effect points to a rate limiting step in thiolate

uncaging involving a bimolecular reaction with a positive charge, which we assign to a protonation
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of the adduct to activate the leaving group. Consistent with an acid catalyzed restoration of the
emissive state (Fig. 3.4d), we found a linear relationship of log(v,,,) versus pH. Here, a slope of
one additionally reports on the molecularity of the chemical reaction. Notably, the acid catalyzed
uncaging observation we report herein reconciles the ability to isolate the thiol adduct at high pH
for characterization (e.g. pH 11 in our studies, 10.5 in product studies previously reported?), with
the inability to do so when experiments are conducted at low pH. A high pH is thus not only
required to increase the thiolate concentration, the rate of PeT and of the ensuing adduct formation,
but it additionally results in a slower rate of thiol uncaging. Based on the linear correlation of pH
vs log (v,,) one may estimate that while the uncaging rate is ~0.1 Ms™ at pH 8 where most studies
are reported, it is roughly 2.5 orders of magnitude slower at 2.5 pH units higher where product
studies were reported.'® The data underscore the tremendous sensitivity to pH, and highlights

opportunities to switching, for the Cy5-thiol adduct.
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Figure 3.4. Single molecule mechanistic studies on photoinduced and acid catalyzed
restoration of Cy5 fluorescence. a. Linear correlations of v,,, as a function of the irradiance at
647 nm (red squares). Additionally, a two-color scheme was used to monitor v,, when exciting
with different “uncaging” laser wavelengths (405, 488, and 561 nm) while simultaneously exciting
at 647 nm at a constant power (298 W/cm?). b. Action spectrum based on the sensitivity of v,,, to
excitation power. c. Kinetic salt and temperature effects on the rate of elimination monitored as a
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function of the irradiance of a 647 nm wavelength laser. d. Correlation of log(v,,) vs pH
monitored at 647 nm (298 W/cm?) supports an acid catalyzed/proton assisted thiol elimination.

Importantly, when performing single-molecule analyses on wv,,, we have found that the
distributions of “times off” are better adjusted through a biexponential function, uncovering an
additional dark state in minor proportion (see section 3.5.11). We propose that a GRC can
alternatively proceed through the C; of Cy5. The electron spin density for photoreduced Cy5 at
this position is in fact not significantly lower than that at Cs (see Fig. 3.1c). Ground state
nucleophilic attacks on cyanines have been reported to proceed via the most electrophilic C1%223
(see figure 3.1c for Milliken charges in the ground state). Adducts at this position show a red-
shifted (~370 nm) absorption spectrum (see figure 3.14 in section 3.5.12). Consistent with the
hypothesis of an adduct with a red-shifted absorbing spectrum, we have found that the v,,, of the
minor component is ~10x more sensitive to a 647 nm light when compared to the dark state in
major proportion. Regardless, note that for all the analysis reported in this work, we have used the

major component (= 95%) of the distribution.

3.4.3 Energy landscape from DFT calculations

The mechanistic insight gained through our SMF and LFP experimental work with Cy5 and Cy5B
illustrates key elementary reactions at play in Cy brightness, enhanced photon budget, signal
stability, and photoswitching. Brightness is largely dictated by the ability or lack thereof to
undergo relaxation in the excited state and trans-cis photoinduced isomerization (a mechanism
available for Cy3 and Cy5 but not for Cy3B and Cy5B). On the other hand, for enhanced photon
budget, signal stability, and photoswitching, ISC followed by PeT with thiolate is of paramount
importance. Here, escape from the newly formed GRP is considered negligible based on rapid ISC
in the GRP, and two photon ionization or photoinduced oxidation from the triplet excited state are
also considered very minor pathways — albeit accounting ultimately for the fluorophore
photobleaching with exceedingly low probabilities. Accordingly, the fates for all cyanines, will be
dictated by whether they may undergo PeT with thiolates, and if so whether:
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I. rapid regeneration of the ground state upon back electron transfer (BeT) takes place to
continue the excitation/emission cycle yielding stable signals and enhanced photon budget (Fig.
3.1d, light gray background);

ii. GRC outcompetes, bringing the Cy dye to a non-emissive thiol adduct wherefrom it may
be regenerated either photochemically or thermally (Fig. 3.1d, dark gray background)

DFT modelling on the different stages of relevance, namely PeT, BeT, and elimination (E), show
that in all cases the reactions are energetically favorable (Fig. 3.5 and Table 3.2, see also sections
3.5.1-d and 3.5.9). The different behaviours observed for the cyanines are thus dictated by the

kinetics of the competing pathways, through their activation energies.

We computed the activation energies for PeT and BeT from DFT-determined energy values, within
the theoretical framework of Marcus theory of electron transfer, (see Table 3.2 and sections 3.5.1-
d and 3.5.9). Our calculations show that the activation energies for PeT follow the trend
Cy3<Cy5<Cy3B<Cy5B, consistent with the electron transfer rate constants obtained via transient

absorption studies (see Fig. 3.5 and Table 3.2).

Experimental values and theoretical estimates for k. are consistent with the high photostability
of Cy3 in the presence of B-ME and the lower photostability found for Cy3B, Cy5, and Cy5B.% 24
In turn, the low kp.r value found for 3*Cy5B/B-ME explains both the non-blinking property of
Cy5B reported herein and elsewhere, and its low photostability as both processes require the initial
formation of a GRP. As to why Cy3B and Cy3 do not show thiol adducts given that they readily
undergo PeT, we posit that the answer lies in a combination of competition between BeT and GRC.
However, we notice short lived dark states when exciting Cy3 with -ME that are absent in e.g.
studies conducted with Trolox and may well point to an elusive Cy3-thiol adduct. Geminate-
radical combinations typically proceed with a minimum energetic barrier, which is expected to be
larger for a rigidified structure (Cy3B and Cy5B) as compared to a more flexible structure (Cy3
and the less sterically hindered Cyb5, respectively) as steric clashing may result upon addition and
sp? to sp® hybridization change. In general, the formation of the adduct will be mostly modulated
by the activation energy of the BeT process acting as a manifold. A higher activation energy for
BeT will favor the GRC process, with the thiol acting as a photoswitching agent. In turn, a lower
BeT activation energy will favor the restoration of the cyanine to its singlet ground state, enhancing
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overall fluorophore survival time and photon budget. The combination of these two effects enables

not only the photoswitching, but also the enhanced total photon budget required for super-

resolution imaging.

hv

1

Energy (kcal/mol)

Cy3/RS™

oy
PeT
BeT
hv
[Cy3"RS’]
1
1
igrc
1
14
Cy3-SR° Cy3B/RS”

[Cy3B"RS']
1

1
igre
1 v

L J
Cy3B-SR°

e

hv

1

Cy5/RS"

PeT 1, : PeT
BeT BeT
hv| ¥
[Cy5°RS'] [CySB RS]
] | gre
jgre 1 1 ¥
1v i
] Cy5B-SR
Cy5_—SR, Cy5B/RS

Figure 3.5. Energy landscape for Cy dye photoreactions. Energy of Cy/pB-ME pairs and the
computed transition states (grey) for the photoinduced electron transfer (PeT) and back electron

transfer (BeT).

Table 3.2 Rate constants for photoinduced electron transfer to Cy dyes by p-ME, and

estimated transition state energies for forward and back electron transfer.

Dye/B-ME  kper (STMY) AE} .7 (kcal/mol) AE%,r (kcal/mol)
Cy3 3.39+0.24 x 108 9.17 4,73
Cy3B 1.55 +0.16 x 107 12.60 3.50
Cy5 9.89 +0.80 x 10’ 11.39 5.01
Cy5B 1.23+0.14 x 10° 13.90 3.93
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3.5 Conclusions

Herein, we provide a unified mechanistic framework highlighting the principles that dictate the
photoswitching susceptibility of cyanines in the presence of thiols and their close relationship to

the mechanism governing the photostabilizing properties of thiols.

The detailed understanding of the thiolate-induced photoswitching of cyanine dyes provides a
roadmap for the design of fluorophores, photoswitching agents, and triplet quenchers with desired
characteristics, and a set of guidelines toward a better photochemical control over currently used
dye/thiol pairs, including photoswitching rates and enhanced photon budgets. Accordingly,
thiolates are required in all instances given the thiyl radical’s ability to rapidly undergo spin
flipping via spin orbit coupling. Thiolates characterized by lower oxidation potential than
serendipitously discovered B-ME are required to accelerate PeT and ensure a rapid exit along the
“virtuous” photostabilizing cycle in Fig 3.1d if the triplet state is reached. This is particularly
critical for Cy5B, which holds the promise to be a highly bright, stable-signal red-emissive
fluorophore for SMF which currently lacks its efficient photostabilizing compound. In addition to
lower oxidation potentials, thiolates are desired to have a low nucleophilic character if extended
survival times and stable signals are needed for conventional SMF such as SMF FRET, %%
protein/nucleic acid induced fluorescence enhancement (PIFE,?"28 and NAIFE,?-* respectively),
or in PIFE-FRET combination.®*3® In turn, a thiyl radical able to undergo GRC, would be sought
after if photoswitching toward super-resolution SMLM is desired. In the latter context, we note
that given the pH dependence in elimination of thiolate from the Cy-SR™ adduct, imaging under
varying pH conditions such as those encountered in cellular systems may render critically different
levels of turnovers and on/off duration periods based on the organelle where photoswitching is
taking place. Importantly, photoswitching may be sensitive to different protein environments
surrounding a Cy dye, as proximal basic residues may catalyze elimination. Also, electron donors
such as tyrosine or cysteine residues may affect the triplet lifetimes and their availability toward
adduct formation. Furthermore, in these types of environments, molecular crowding may prevent

thiol encounter.

The diversity of possibilities for thiolate entrapment and uncaging offers both opportunities and

challenges toward optimizing the off-time duration toward SMLM, and the SMF performance of
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Cy fluorophores in the presence of thiols. More generally, it highlights the tremendous potential
toward steering the photochemistry of cyanine dyes, and their iminium ion moiety, via PeT toward
activation of nucleophilic attack in catalysis,>*3° and toward photoinduced and thermal uncaging
in biology. We thus note that catalyzed ISC in Cy dyes via heavy atom effect either
intermolecularly or intramolecularly may open an avenue toward their facile integration in new

applications that require efficient photochemical yields.
3.6 Supplementary information

3.6.1 Materials and Methods

3.6.1.1 Materials

1 M Tris-HCI buffer (pH=8), Sodium Hydroxide, Premium Cover Glass slides (25x25-1) and
Acetone (HPLC grade) were purchased from Fischer Scientific. 5 M NaCl stock solution was
purchased from Life Technologies (Ambion brand). Dimethyl sulfoxide (anhydrous, >99.9),
Potassium iodide, D-(+)-Glucose, L-ascorbic acid, and B-mercaptoethanol were purchased from
Sigma-Aldrich. Methyl viologen hydrate and glycerol (for molecular biology) were purchased
from Acros Organics. Water (molecular biology grade) was acquired from Thermo Scientific
HyClone (South Logan, UT). Sulphuric acid, sodium bicarbonate, and hydrogen peroxide were
purchased from ACP Chemicals. Silicon mold, press fit tubing connectors and polycarbonate
imaging chambers (Hybriwell) were purchased from Grace Bio-Labs, Inc. Polymers.
Poly(ethylene glycol) polymers in the form of Silane (mPEG-Silane, MW 5000) as well as its
biotinylated versions (Biotin-PEG-Silane, MW 5000) were purchased from Laysan Bio Inc. Dyes.
Sulfo-Cyanine5 carboxylic acid was purchased from Abcam. Sulfo-Cy3 NHS ester was purchased
from Lumiprobe. Cy3B mono NHS ester was purchased from GE Healthcare. Cy5B carboxylic
acid and the Cy5B NHS ester (used to conjugate to DNA) were synthesised as previously
described.® (see Fig. 3.8) Nucleic acids. Cy3 and Cy3B biotinylated DNA 18-mer
(/5Dye_N/ACC-TCG-CGA-CCG-TCG-CCA/3Bio/) were purchased from Integrated DNA
Technologies IDT. Cy5B biotinylated DNA 18mer was custom prepared by IDT from Cy5B NHS
ester provided by us. Cy5-tagged biotinylated DNA 18-mer ((Cyanine 5) (C6-NH) ACC-TCG-
CGA-CCG-TCG-CCA (BiotinBB)) was purchased from Trilink Biotechnologies (see Fig. 3.7).

All stock solutions of potassium iodide, ascorbic acid, methyl viologen, and B-mercaptoethanol
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were prepared freshly and the latter three were filtered through a 220 nm syringe filter before use
in single-molecule fluorescence imaging and laser flash photolysis experiments. Proteins.
Unlabeled streptavidin (S888) was purchased from (Thermo Fisher Scientific, Invitrogen).
Glucose oxidase (from Aspergillus niger, type VII, G2133) and catalase C30 (from bovine liver,

C30) were purchased from Sigma-Aldrich.

3.6.1.2 Single-molecule fluorescence imaging

3.6.1.2.1 Single Molecule Sample Preparation and surface immobilization.

Glass coverslips were initially cleaned and then passivated in one step utilizing PEG-Silane as
previously described.!” Before image acquisition, the surface was incubated with 15 pL of 0.2
mg/mL streptavidin solution for 10 min. The unbound streptavidin was washed away with imaging
buffer (50 mM NaCl, 100 mM TRIS buffer pH 8). Following streptavidin incubation, a
fluorophore-tagged biotinylated ssDNA 18-mer was immobilized on PEG-coated glass coverslips
via biotin-streptavidin interactions upon incubating a 200 pM solution of the oligonucleotide.

Unbound duplexes were flushed out with additional imaging buffer.

3.6.1.2.2 Anti-fading solution.
Experiments were run in the presence of an oxygen scavenger solution consisting of -

mercaptoethanol (143 mM), D-(+)-glucose (0.8% wi/v), glucose oxidase (165 units/mL), and
catalase C30 (2170 units/mL). The first image was acquired 10 min after introducing the oxygen
removal system to allow the equilibration of the oxygen concentration in the chamber. Solutions
contained 100 mM in Tris buffer pH 8 and 50 mM in NaCl. Additional reagents such as KI, L-
ascorbic acid (AA), and methyl viologen (MV) were added when necessary. Experiments were

conducted at room temperature (23 °C) unless otherwise specified.

3.6.1.2.3 TIRF Microscopy.
Fluorescence imaging was carried out using an inverted Nikon Eclipse Ti microscope equipped

with the perfect focus system (PFS) implementing an objective-type TIRF configuration with a
Nikon TIRF illuminator and an oil-immersion objective (CFI SR Apo TIRF 100x oil immersion
objective lens, numerical aperture (NA) 1.49). The effective pixel size was 160 nm. With these
settings, four lasers were used for excitation (Agilent MLC400B Monolithic Laser Combiner):
405, 488, 561, and 647 nm. The laser beam was passed through a multiband cleanup filter
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(ZET405/488/561/647x, Chroma Technology) and coupled into the microscope objective using a
multiband beam splitter ZT405/488/561/647rpc (Chroma Technology). Fluorescence light was
spectrally filtered with an emission filter ZET405/488/561/647m (Chroma Technology). For Cy5
and Cy5B imaging, an additional emission filter ET705/72m (Chroma Technology) was used.

The camera was controlled using Micro-Manager Software (Micro-Manager 1.4.13, San
Francisco, CA, USA), capturing 16-bit 512 x 512 pixel images with an exposure time of 20-200
ms. All movies were recorded onto a 512 x 512 pixel region of a back-illuminated electron-
multiplying charge-coupled device (EMCCD) camera (iXon X3 DU-897-CS0-#BV, Andor
Technology). The microscope was controlled using the software NIS element from Nikon.

3.6.1.2.4 Image and data analysis.
We observed typically ~400-800 spots over one field of view (~822 um?). Fluorescence intensity

time trajectories of individual molecules were extracted from the videos using an algorithm written
in MATLAB (MathWorks) defining a square region around the centers of the spots captured. The
total number of photons detected for each molecule before photobleaching was calculated as the
multiplication of the average intensity (photons/s) and the survival time corresponding to the
molecule analyzed. The arbitrary intensity recorded by the EMCCD camera was converted to
photons using the calibrated curve for the electron multiplication and the analog-to-digital
conversion gain settings used during acquisition. For the blinking analysis we developed an
algorithm in MATLAB (MathWorks) to analyse on and off dwell times as well as to count the
number of photons. On dwell times were found by performing a thresholding analysis. A gaussian
profile was fitted to the background intensity to find the standard deviation (o). Signals above 5c

were considered as on states.

3.6.1.3 Laser flash photolysis studies

Experiments were conducted using a laser flash photolysis setup (Luzchem). A Nd:YAG
(Continuum Surelite CLII-10, 10 Hz, 450 mJ at 1064 nm) laser was used for excitation at a
wavelength of 532 nm. 20 mJ laser pulses were used with a pulse width of 6 ns. A 150 W Xe lamp
was used as the monitoring light source. The detector consisted of a photomultiplier tube (PMT)
connected to a digital oscilloscope (Tektronix TDS2012). All data was collected via the
commercially available LFP 7.0 software (Luzchem). Samples contained the described dye at a
concentration of approximately 5 uM in aqueous buffer (20 mM TRIS pH 8, 50 mM NaCl) with
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specified concentrations of potassium iodide, B-mercaptoethanol, ascorbic acid, and/or methyl
viologen. All samples were prepared freshly in 10 x 10 mm quartz cells using enzymatic scavenger
to deplete oxygen as degassing with argon gas provided poorer depletion conditions. A minimum
of 10 laser shots were averaged to obtain the temporal evolution of AOD for the various transient
species monitored. In turn, a minimum of 5 laser shots were averaged per wavelength interval for
obtaining the transient absorption spectra. The time per division recorded by the detector was
varied from 1 us to 1 ms on a sample-to-sample basis to optimize signal to noise and temporal

resolution. AOD vs time traces were fitted using OriginPro 8.5 to obtain transient lifetimes.

3.6.1.3.1 Determination of electron transfer rate constants (Kper)
Rate constants for the photoinduced electron transfer (kp.r) to the triplet excited states of Cy5 and

Cy5B by B-ME were determined by plotting the rate of triplet decay k; vs the concentration of
thiolate, [RS~], utilizing Eq. 3.2. The rate of triplet decay was obtained as the inverse of the triplet
lifetime at a given [RS™] as shown in Eq. 3.3. k,, is defined as the triplet decay rate constant in the
absence of a triplet quencher (Eq. 3.4). [RS™] was calculated using the Henderson-Hasselbach
equation (pKa B-ME = 9.6)% for pH=8.

kr = ko + kper[RS™] (3.2)
ky = — (3.3)

T

1
ko= (3.4)

3.6.1.3.2 Generation of Cy5 and Cy5B transient species
To generate the desired transient species from Cy5, different environmental conditions were used.

The photoisomer cis-Cy5 was observed upon direct photoexcitation of Cy5. To promote
intersystem crossing and facilitate the observation of **Cy5, 50 mM of KI was added to the buffer
solution. Additionally, KI was added to generate Cy5* and Cy5™, which can be generated from
the triplet species by oxidation and reduction via PeT. Cy5™ was generated by adding 1 mM of
methyl viologen (MV?*) as it can oxidize **Cy5*. Similarly, 1 mM of ascorbic acid (AA) was used

to reduce 3*Cy5 to Cy5~. The same methodologies were utilized in studies with Cy5B.
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3.6.1.3.3 Spectral characterization of Cy5 and Cy5B transient species
Previous studies have found cis-Cy5 to absorb modestly near 690 nm,3” however, 3*Cy5 is also

known to absorb in this region. To discriminate between the absorption of these two species,
spectra with and without 50 mM K1 were recorded and compared. It was found that only 3*Cy5
absorbs at 710 nm, hence this wavelength provides a clear window where to perform mechanistic
studies on 3*Cy5. In the presence of MV?2* (1 mM), a strong transient absorption band peaking at
525 nm was recorded and assigned to Cy5™. Lifetime measurements of Cy5"™ were accordingly
conducted at this wavelength. This species was found to be generated occasionally in the absence
of oxidizing agents, due to biphotonic photoionization, as confirmed by a quadratic dependence of
AOD at 525 nm on the laser excitation power (Figure 3.9). Cy5B™ was similarly located at 530
nm. With AA (1 mM) in solution, the absorption peak of Cy5™ appeared near 490 nm. This
wavelength was selected for subsequent lifetime measurements to monitor the evolution of Cy5™.
Similarly, Cy5B™ transient absorption band was observed to peak at 515 nm. We expect very low
interference using methyl viologen (MV?*) and ascorbic acid (AA). Given their spectra and their
low absorption coefficients at the relevant wavelengths, we expect the contribution of MV** and

AA™ to be negligible at the wavelengths monitored.38-3°

3.6.1.3.4 Deconvolution of absorption spectra of Cy5 transient species
To obtain the transient absorption spectrum for each transient species of Cy5, solutions were

prepared according to the conditions listed in Table 3.3. Spectra were acquired at 5 nm increments
from 500-800 nm for cis-Cy5 and 3*Cy5 and from 300-800 nm for Cy5™ and Cy5™. To estimate
the extinction coefficient for the various transients we used the value of Cy5 at 645 nm (gg45 =
2.5 x 10° M?tcm™).% We assumed that none of the transient species of interest absorbed
significantly at 645 nm, as the AOD values of all spectra produced a negative mirror image of the
Cy5 absorption spectrum in this region. We also assumed that bleaching of the ground state
resulted in 100% conversion to the desired species. Deconvolution of each species proceeded as

follows:

cis-Cyb. To study this transient, the GODCAT system was not included to allow oxygen
quenching of any *Cy5 formed as 3*Cy5 absorption overlaps that of the cis-Cy5 spectrum.
Preliminary studies of this transient showed that small amounts of Cy5* were generated (either
from reaction with molecular oxygen or by two-photon absorption by Cy5). In turn, Cy5* partially

interferes with the bleaching band of Cy5, complicating the analysis. In order to avoid recording
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the presence of Cy5™, 1 mM ascorbic acid was added to the solution to quench Cy5™. In order to
estimate the transient spectrum, the Cy5 absorption band was inverted and scaled to match that of
the bleaching of 3*Cy5. The scaled inverted band was then subtracted from the 3*Cy5 spectrum,
generating a new spectrum showing only the absorption of the cis-Cy5 species. The cis-Cy5
transient absorption band was then divided by the scaling factor used to match the Cy5 spectrum
to the transient bleaching band. This operation yielded the molar extinction coefficient for cis-Cy5
relative to Cy5.

3*Cy5. In order to minimize the formation of cis-Cy5, as its transient absorption overlaps that of
3*Cy5 spectrum, experiments were carried out in glycerol 90% v/v given that an increased
viscosity significantly decreases cis-Cy5 formation. The different solvent properties caused a5 nm
red-shift which was corrected before doing further analysis. 50 mM KI was included to catalyze
intersystem crossing. GODCAT was included in the solution to prevent quenching by molecular
oxygen. As described above, the bleached band accounting for the Cy5 absorption spectrum was
used to generate the 3*Cy5 absorption spectrum as well as to estimate its molar extinction

coefficient.

Cy5*. Herein, 50 mM Kl and 1 mM MV?2* were included in the solution, where MV?* promoted
oxidation of the generated 3*Cy5 species. Additionally, GODCAT was added to prevent **Cy5
guenching by molecular oxygen. The transient spectrum recorded included contributions from a
Cy5 bleaching band (negative AOD) and formation of the corresponding cis-Cy5, and Cy5™
absorption (positive AOD). The inverted Cy5 absorption spectrum was adjusted to the AOD
corresponding to Cy5 bleaching band at 645 nm (under the assumption that neither cis-Cy5 nor
Cy5™ absorb significantly there). The obtained spectrum corresponds to the sum of absorption of
Cy5™ and cis-Cy5. Next, the previously obtained isolated cis-Cy5 spectrum was scaled and fitted
to the positive AOD values near 690 nm and subtracted from the obtained spectrum. The spectrum

thus obtained corresponds to Cy5* absorption band.

Cy5~. Herein, 50 mM Kl and 1 mM AA" were included for this acquisition, where the latter
promoted reduction of the generated **Cy5 species. Additionally, GODCAT was added to prevent
3*Cy5 quenching by molecular oxygen. Here, AOD included contributions from Cy5 bleaching
band (negative AOD) and the corresponding cis-Cy5, and Cy5™ absorption (positive AOD). The

analysis performed to obtain absorption band of Cy5™ was similar to that reported for Cy5™.
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Table 3.3. Summary of experimental conditions utilized to generate and study transient
species of Cy5 via laser flash photolysis.

Species  Solvent/Buffer GODCAT [KI] 50 mM [AA11mM [MV#]1mM
cis-Cy5  Water/T50 v

¥Cy5 Glycerol 90%/ T50 v

Cy5™ Water/T50 v v v

Cy5™ Water/T50 v v v

It should be noted that all absorption spectra and molar extinction coefficients for the possible
transient species formed from Cy5 are approximations. The resolution of all LFP spectra was set
to 5 nm to optimize time restraints on data acquisition (given that the pH of the sample changes
over time due to the formation of gluconic acid) and to avoid photobleaching of the fluorophore.
Importantly, error is anticipated for the tails of all peaks as the transient species were formed in

small quantities and are very weakly absorbent beyond their optimal wavelength.

3.6.1.4 Computational methods
Quantum chemical calculations were performed using the Gaussian 16W package (Version. 1.1
and revision A.03).*' GaussView 6.0.16 package was used as graphical user interface. Dye

structures were modelled as shown in Fig. 3.8

The molecular geometries in the ground state (So) were optimized via spin-restricted DFT
calculations using the B3LYP functional and the 6-31G(d) basis set. The spin-unrestricted
formalism was used in geometry optimization of the radicals. Vibrational frequency calculations
were subsequently carried out to confirm that all the optimized structures correspond to the minima
on the potential energy surfaces (i.e. no imaginary frequencies). The molecular geometries of the
lowest triplet excited state (T1) were initially optimized via spin-unrestricted DFT calculations
(ground state) and next optimized using the time-dependent DFT (TD-DFT) formalism with the
same functional and basis set of B3LYP/6-31G(d). The molecular geometries in the first singlet
excited state (S1) were optimized using the time-dependent DFT (TD-DFT) formalism with the

same functional and basis set of B3LYP/6-31G(d). Single-point energy calculations were carried
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out in all cases. All calculations were performed in water phase, modeled by the polarizable
continuum model (PCM) with the integral equation formalism variant (IEFPCM). Vertical
electronic transitions were obtained using non-equilibrium solvation and performed via a two-
steps job: first, a single point energy calculation was performed on the initial state,
specifying noneg=write in the PCM input section to store the information about non-equilibrium
solvation based on the initial state. Second, the actual state-specific calculation is performed
reading the non-equilibrium solvation information, using noneg=read, and specifying the

checkpoint file from the first step.

3.6.1.4.1 Electron transfer calculations within the framework of Marcus theory of electron
transfer

In Marcus theory of electron transfer,*>#4 the rate constant for electron transfer k. is given by Eq.
3.5 where the Gibbs free energy of activation, AGjT, is related to the Gibbs free energy of electron

transfer AG2; and the reorganization energy A according to Eq. 3.6.

-06%,

ko = Ae RT (3.5)
AGE+2)?

AGE, = (ortA) (3.6)

The reorganization energy A is expressed as the sum of two components, the internal (4;) and

solvent (A,) reorganization energy Eq. 3.7.

A=A+ =2+, (3.7)
Ap =[E(D*/D) —E(D*/D")] (3.8)
M =[E(A~/**A) — E(A~/AD)] (3.9)

We have used the Buda method to calculate 2.4 In this strategy, using density functional theory
and continuum solvation models, the internal and solvent (also known as inner- and outer-sphere)

contributions are not separated, but rather, they were computed as a sole parameter.
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Given that the reorganization energy A can be expressed as the sum of the donor (1) and acceptor
(44) reorganization energies (Eq. 3.7), we have treated the thiolate donor (D) and the cyanine
acceptor (A) separately (Egs. 3.8-3.9). Here, E(a/b) represents the energy of state “a” calculated

at the optimized geometry of “b”. The term “>*A” denotes the cyanine in the triplet excited state.
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3.6.2 Chemical Structures of Cyanine Dyes
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Figure 3.6. Cyanine chemical structures related to Cy5. Generic chemical structures of Cy3,
Cy3B,* Cy5B,2 Cy5, Cy5.5, Alexa 647,4” Cy7, and Alexa 750.#” Ry and Rz groups have been
included due to structural differences observed from suppliers, however, other variations may be
found. Inside the pale blue background are shown the cyanines with none or negligible
photoswitching behaviour in the presence of thiols. Inside the pale red background are shown the
cyanines able to undergo effective photoswitching behaviour in the presence of thiols.
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Figure 3.7. Dyes and modifications utilized. Chemical structure of the various dye and biotin
conjugates utilized, Cy5 and Cy5B appear in red. Conjugate (a) and (b) correspond to Cy5 and
Cy5B conjugates at the 5’ end of the DNA strand respectively. Structure (c) shows the biotin
conjugation at the 3’ end of the DNA strand.
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Figure 3.8. Chemical structures of cyanine dyes utilized for LPF and DFT calculation studies.
Top left Cy3, top right Cy3B, bottom left Cy5, Bottom right Cy5B.
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3.6.3 Geminate Back Electron-transfer Studies for Cy5 /gB-ME Pair.
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Figure 3.9. Geminate back electron-transfer examination. Transient absorption spectra (left
panel) and temporal evolution of AOD traces recorded at 490, 645, and 710 nm (right panel) of
Cy5 recorded in aqueous buffered solution (Tris 20 mM, 50 mM NaCl, pH 8) containing ~5 uM
Cy5, 50 mM K1, and 14.3 mM B-ME. After excitation, immediate triplet state formation (enhanced
by KI) can be followed at 710 nm. Upon B-ME quenching, via PeT, the triplet state completely
decays while the ground state of Cy5 is recovered (645 nm). The band corresponding to a region
where Cy5™ is expected to absorb (490 nm, see also Fig. 2a) remains unchanged, supporting an
efficient geminate BeT allowed by a rapid ISC in the newly formed geminate radical pair.
Incomplete recovery of the ground state (at 75 ps) is explained due to presence of the long lived
(~200 ps) cis isomer.

3.6.4 Photoinduced Formation of the Radical Cation Cy5+e
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Figure 3.10. Quadratic dependence of photoinduced formation of radical cation Cy5*.
Maximum AOD (10 shots averaged) recorded at 525 nm as a function of the laser excitation power
(532 nm). Transient absorption decays were recorded in aqueous buffered solution (Tris 20 mM,
50 mM NaCl, pH 8) containing ~5 uM Cy5. After excitation, immediate radical formation can be
followed at 525 nm. Rather than linear, a quadradic dependence of AOD as a function of power
was found (AOD = 2.82 + 0.05 x 10 P?), consistent with a biphotonic process.

3.6.5 Rate of Photoinduced Electron-transfer from p-ME to the Singlet
Excited State of Cy5
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Figure 3.11. Stern-Volmer plot of fluorescence quenching of Cy5 with f-ME. Emission spectra
of Cy5 (~3 uM) were recorded on 500 mM Na>COs, pH=11 with increasing concentrations of 3-
ME. Emission scans were recorded by exciting at 610 nm and recording fluorescence in the 620-
800nm. Fluorescence intensities I were computed by integrating the spectrum (corrected by
background and changes in absorption at 610 nm). The Stern-Volver plot equation is given by:
1%9/1; = 1 + k3 7t [BME~], where I? and I are the fluorescence intensities in the absence and
presence of B-ME. Here, the slope reports on the product of the photoinduced electron transfer rate
constant kp.r, and the fluorescence lifetime 4. A linear regression yield kp. ;T = 0.93 +
0.06 M1, Utilizing the reported fluorescence lifetime of Cy5 g = 0.92 x10~? 5,8 we obtain
that the photoinduced electron transfer rate constant of the singlet excited state of Cy5 is: kp.r =

1 x10° M1s71,
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3.6.6 Probability of intercepting singlet vs triplet excited states

The rate of intercepting the triplet excited state by a quencher Q (v]) is given by the product of its
rate of generation v, and its quantum yield of quenching ¢Ler (vF = ngqbgeT). A similar equation
can be written for the quenching of the singlet excited state (v; = vj¢;§eT). Combination of these
two equations allows the estimation of the relative rate of interception of the two species (i.e.
singlet and triplet) (Eq. 3.10). The rate of triplet excited state generation can be written in terms

of the rate of generation of the singlet excited state and the quantum yield of ISC ¢;s., using that

Vg = bisc Vgs .

T
v_i. — vg ¢PeT ¢ISC ¢PeT (310)

In turn, ¢ ;s can be written in terms of the ISC rate constant k;s. and the fluorescence lifetime of
the fluorophore 5 as in Eq. 3.11.

b1sc = kisc Ts (3.11)
The quantum vyield of quenching of the triplet state ¢2.. can be written in terms of the
photoinduced electron transfer rate constant k%, the quencher concentration [Q] , and the triplet
lifetime of the fluorophore 74, Eq. 3.12. A similar equation can be written for the quantum yield f

quenching of the singlet excited state ¢35.. Eq. 3.13.

T _ _ kperlo]l

d)PeT - T’I_"1+k;I"eT[Q] (312)
S _ kgeT[Q]

¢PeT - T§1+kgeT[Q] (313)

All the values required have been taken from the literature or determined in this study: k;qc =
0.83 x 1065711 kT . =99x 107 s7IM~1 (see table 3.2), 74 =10.92 x 10795, 7 =
2.09 x 107*s (see table 3.1), and k3,r =1 x 10° M~1s~1 (see figure 3.11). Additionally,
[Q] = [RS™] = 3.5 x 1073 M was calculated using a total p-ME concentration of 143 mM and
the Henderson-Hasselbach equation (pKa (B-ME) = 9.6)% for pH=8. Using equations 3.11, 3.12,
and 3.13 as well as the above reported values, we obtain ¢;gc = 0.71 x 1073, ¢J. = 0.986
, @per = 3.21 x 1073, Using the above quantum yields in equation 3.11 we obtain that v[ /vy =
0.22.
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3.6.7 Effect of KI on the average on time <ton> 0f Cy5

A model where the triplet state is a necessary intermediate to reach the nonfluorescent dark state

can be written as:

o cat RS-
tegys — 5, 3xcys ———=,  Cy5-SR
—

Figure 3.12. Proposed mechanism involving the triplet excited state of Cy5 as an
intermediate.

vorrCan be defined as the rate at which Cy5 switches from the fluorescent on state to the

nonfluorescent off state in the absence of Kl and is given by Eq. 3.14 where < t,, >° is the

average time Cy5 remains in the fluorescent state.

1
Vof = <ton>® Vs Pfscba (3.14)

Asshown in Eq. 3.14, v can be written in terms of the rate of singlet generation v; (or excitation

rate in s1), ¢, the quantum yield of intersystem crossing in the absence of an I1SC catalyst like I
, and ¢, the quantum yield of dark state formation from the triplet excited state. In the presence

of a quencher such as Kl (denoted by @), Eq. 3.14 can be rewritten as:

Q _ 1 _ Q
Vorr = <ton>Q v;(thSC(rbd (3.15)

The ratio vgff /voss Shown in equation 3.16 can be simplified by assuming that the rate of singlet
generation remains constant and the probability of forming the dark state once the triplet state is
formed is not affected by the presence of an ISC catalyst such as I". As a result, vgff /vors Only
depends on the quantum yield of intersystem crossing in the absence and presence of an ISC
catalyst, ¢p7sc (defined in Eq. 3.11 as ¢ = kls-75) and ¢>,%C = klscTs + ki [Q]Ts (under the

assumption that k¢4 [Q] < 351).

Q

Yorf _ v3b5cba 0% Kiscts+kigQlts 316
[4 S 49, - 40 P ( . )
Vorf vgbrscPd bisc 1scTs

Equation 3.16 can be simplified and re-written as:

cat

Q
v K@ kcat k

off — Isc"'OISC[Q] =1 + 4sc o] (3.17)
vOff kISC kISC

The rate constant of catalyzed ISC kf& of Cy5 by Kl as well as the rate constant of the intrinsic

intersystem crossing k%. of Cy5 has been previously determined by the Schwille group.!®
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Reported values in pure water are: kb, = (0.83 +£0.42) x 10°s71 and ki = (4.2 +
0.4) x 10’M~1s~1 (where the error has been calculated using the reported data). Therefore, for

the proposed model, the slope of vf,?ff /voss VS [KI] is expected to yield a value for kf& [kl =

51 4+ 26 M~ in pure water.

Given that the net charge of Cy5 is negative (-1) (two sulfonate groups (-2) plus the iminium ion
moiety (+1)), the quenching rate by iodide ion (-1) will be enhanced in the presence of electrolytes
due to the kinetic salt effect.*® Accordingly, the reported k& has been corrected utilizing Eq.
3.18, where 1.018 is a constant that related to the solvent (water) and temperature (298 K), k and
k, are the rate constants at ionic strength I and at infinite dilute concentration I = 0., respectively.
z,4 and zg are the ionic charges of reactants A and B. The ionic strength I was calculated using Eqg.
3.19.

Log(k/k,) = 1.018z,2z5VI (3.18)

I=2Ycizf (3.19)

k& was estimated to be kf& = (1.0 £ 0.1) x 108M~1s~1. Therefore, for the proposed model,

the slope of vgff /vors vs [KI] is expected to be: k¢l /kfsc = 125 + 65 M~" in 0.1 M Tris buffer
and 0.05 M in NaCl at pH=8.
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3.6.8 Action Spectrum of Cy5 at Long Wavelengths (Visible Range)

The absorption cross section of a fluorophore o (cm?) at a given wavelength can be expressed as
the ratio of the excitation rate v,, (s) and the excitation photon flux I,, (s cm?) (Eq. 3.20).
Utilizing o (cm?) = ¢ x 3.82 x 10721,* (with ¢ in M~1cm™1), a relationship between the
extinction coefficient and the ratio v,,. /1., can be expressed (Eq. 3.20).

o= =382 x 10 % (3.20)

ex

Laser intensities P are usually reported in W/cm?. It is then convenient to express Eq. 3.20 in terms of
P rather than I,,. The relationship of P and I, is shown in Eq. 3.21, where A is the excitation
wavelength used in nanometer units.

I, =5.03 x 10°P2 (3.21)
We can additionally write that v,,®, = v,,, where @, is the quantum vyield of uncaging.
Additionally, combining Eqgs. 3.20 and 3.21, we obtain:

= 1.92 X 107°Ady¢ (3.22)
The absorption coefficients can be estimated by performing a power dependence of the v,,, vs P.
The slope of this plot will report on 1.92 x 10~5Ad,,e. Deviations in Eq. 3.22 may arise from the
fact that the actual laser excitation sensed by the adduct may be lower than the measured value
(due to scattering and evanescence field).
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3.6.9 Energy Landscape for Cy Reactions via DFT Calculations

Table 3.4. Cyanine energies for singlet and triplet excited states relative to their ground state.
DFT/PCM energies were obtained through single point energy calculations.

Dye !Cy(Relaxed) "Cy (Vertical) '"Cy (Relaxed) 3'Cy (Relaxed)
AE® (kcal/mol)  AE° (kcal/mol)  AE® (kcal/mol)  AE®° (kcal/mol)

Cy3 0 61.01 54.19 35.92
Cy3B 0 59.13 52.17 32.33
Cy5 0 53.93 46.99 28.94
CysB 0 51.21 44.64 26.00

Table 3.5. Calculated forward electron transfer energy parameters within the framework of
Marcus theory of electron transfer. DFT/PCM calculated reorganization energies A and AE gy
for the PeT half-reaction, performing single point energy calculations.

PeT / half reaction A (kcal/mol)  AE?; (kcal/mol)

¥Cy3 > Cy3~ 18.34 -113.85
¥Cy3B > Cy3B~ 17.78 -105.75
¥Cy5 > Cy5~ 17.73 -108.32
3"Cy5B > Cy5B™ 16.00 -102.23
(B-ME) RS> RS~ 37.60 103.21
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Table 3.6. Calculated back electron transfer energy parameters within the framework of
Marcus theory of electron transfer. DFT/PCM calculated reorganization energies A and AES ¢
for the BeT half-reaction, performing single point energy calculations.

BeT / half reaction A (kcal/mol) AEg.r (kcal/mol)

Cy3"-> Cy3 20.40 77.94
Cy3B~-> Cy3B 20.23 73.42
Cy5"> Cy5 19.77 79.38
Cy5B~> Cy5B 18.77 76.22
(B-ME) RS">RS" 38.14 -103.21

Table 3.7. DFT/PCM calculated energy for PeT, associated reorganization energies A, and
activation energy AE*pet. A and AEp.; were calculated as the arithmetic sum of the half

reactions. AGiT was calculated using Marcus theory of electron transfer (Eg. 3.6).

PeT / full reaction A (kcal/mol)  AEp.y (kcal/mol) AEieT (kcal/mol)
¥Cy3+RS = Cy3" +RS" 55.95 -10.64 9.17
¥Cy3B + RS > Cy3B™ + RS’ 55.38 -2.54 12.60
¥Cy5+RS = Cy5" +RS" 55.33 -5.11 11.39
¥Cy5B + RS > Cy5B™ + RS’ 53.60 0.99 13.90
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Table 3.8. DFT/PCM calculated energy for BeT, associated reorganization energies A, and
activation energy AE*pet. A and AEg.; were calculated as the arithmetic sum of the half

reactions. AEﬁeT was calculated using Marcus theory of electron transfer (Eg. 3.6).

BeT / full reaction A (kcal/mol)  AE%.; (kcal/mol) AEzeT (kcal/mol)
Cy3"+ RS> Cy3 + RS 58.54 -25.28 473
Cy3B™ + RS> Cy3B + RS 58.37 -29.79 3.50
Cy5" + RS> Cy5 + RS 57.90 -23.83 5.01
Cy5B™ + RS'> Cy5B + RS 56.90 -26.99 3.93

Given that for all cases 1 > |AE?; | , we conclude that we are in the Marcus ‘normal region”.
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3.6.10 Estimation of the Ratio of Back Electron-transfer and Geminate
Radical Combination

The number of excitations before reaching the dark state (N,,) is given by equation 3.23, where
P2 guce and PL, . . are the probability of forming the Cy5/B-ME adduct from the singlet and
triplet excited state, respectively. ¢;sc, Pper, and ¢pgre are the quantum yields of intersystem

crossing, photoinduced electron transfer, and geminate radical combination, respectively.
1 1 1

N, = - (3.23)

S T = =3 T = S T
PladucttPadduct  PPer PeRCTPIscPper PGRC brC(PpertPperPisc)

The total number of detected photons (N,) can be written in terms of the number of excitations
(N,y), the fluorescence quantum yield (¢y), and the detection efficiency of the microscope setup
(¢q) (Eq. 3.24). The quantum yield of geminate radical combination is defined in terms of the

geminate radical combination rate constant (k;g-) and the back electron-transfer rate constant
(kger) (EQ. 3.25).

Nph = Nexd)fd)d (3.24)
__ kere
$ere = Po— (3.25)

Replacing Eqgs. 3.24 and 3.25 in Eq. 3.23 and rearranging provides an expression for the ratio of
the back electron-transfer and geminate radical combination rate constants (kger/Kgrc)-

kper PPer+dperPisc
—= =N, —=—==.1 3.26
kGrc ph brda ( )

Utilizing the values on section 3.5.6 and that N,, = 4892 (see figure 3.2), ¢ = 0.2, and

assuming a detection efficiency ¢; = 0.1, we have obtained that kg.r/kgrc = 955
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3.6.11 A second dark state

We have plotted the cumulative distribution function cdf (t) (equation 3.27), where the sum of
the amplitudes a; + @, = 1. The fractional contributions f; and f, have been calculated as shown
in Eq. 3.28.

t t
P)=1- (ale_a + aze_§> (3.27)
P R (3.28)

Rates v, (1) = 1/74 (slow) and v,y = 1/7, (fast) were calculated using the values shown in

Table 3.9 and plotted against the Irradiance (1) as shown in Figure 3.13b.

a b
0.4 ® Fast t(<5%
1.01 [ siiféﬂmﬂiﬂ:(pgs :/3)
0.8- 0.3 .
-.—’; ®
= 064 02 ¢
= 5
S 0.4 o .
0.14
0.24 °
° = = a
0.0+ o4 % ¢ * -
0.1 1 10 0 300 600 900 1200
Time off (s) Irradiance (W/cm?)

Figure 3.13. Biexponential decay fitting analysis. (a) Mono-exponential (green dashed line)
versus bi-exponential (red solid line) fitting of the cumulative distribution function (taken at 447
Wi/cm?). (b) Linear correlations of Von(1) (black squares) and v,y 2y (red circles) as a function of

the irradiance (l) at 647 nm. Linear fittings are v n;) = 2.2 + 0.2 x107%x 1 +0.010 + 0.001,
and Vonz) = 2.6 £0.4x107* x I + 0.01 + 0.03. All experiments were recorded in aqueous
buffered solution (Tris 100 mM, 50 mM NacCl, pH 8) under oxygen depleted conditions.
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Table 3.9. Biexponential fitting parameters obtained as a function of the irradiance, using a
647 nm laser for excitation.

Irradiance (W/cm?) a4 71 (S) a, 73 (S) fi fo
67 1 92.35+0.05 - - - -

179 0.877 73.94+0.12 0.123 2236045 0959 0.041

298 0.938 54.41+0.09 0.062 7.70+£049 0991 0.009

447 0.804 56.16+0.12 0.196 11.87+0.22 0.951 0.049

596 0.929 42.37+£0.05 0.071 463+0.23 0.992 0.008

745 0.920 40.48 +0.03 0.080 542+0.14 0988 0.012

894 0.971 31.37+0.03 0.029 354+0.34 0997 0.003

1043 0.942 31.98 +£0.03 0.058 400+£0.20 0.992 0.008
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3.6.12 Hydrogenation of Cy5 with sodium borohydride

3.00x10°
2.25x10°

1.50x10°

€ (cm” M)

7.50x10"

0.00 &
300 400 500 600 700 800

Wavelength (nm)

Figure 3.14. Absorption spectra and structure of hydrogenated Cy5. The hydrogenated Cy5
was generated by adding NaBH4 (1 mM) to a solution of ~2 uM of Cy5 in 1x PBS buffer. Cy5-H
was found to have an absorption maximum at 370 nm (&3 = 57.000).
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4 Efficient One-Step PEG-Silane
Passivation of Glass Surfaces for
Single-Molecule Fluorescence Studies

Reproduced with permission from “Efficient One-Step PEG-Silane Passivation of Glass Surfaces
for Single-Molecule Fluorescence Studies”, Gidi, Y.; Bayram, S.; Ablenas, C.J.; Blum, A.S.; Cosa,
G., ACS. Appl. Mater. Interfaces., 2018, 10, 39505-39511. Copyright 2018 American Chemical
Society.
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4.1 Preface

In chapter 1 we discussed the importance of surfaces in SMF techniques. In particular, we
highlighted the fact that surface passivation to prevent non-specific binding is of paramount
importance to maximize the signal to noise ratio. Surface passivation using PEG grafted onto glass
through a two-step process has been (until now) the most commonly used method in SMF studies.
This protocol suffers from high variability from slide to slide and batch to batch and requires
incubations lasting several hours, hampering the efficiency of this process. In chapter 4, we
describe an efficient protocol (15 min) that provides a simple, cost-effective, and environmentally
benign approach toward rendering glass surfaces for single-molecule studies with improved

passivation.
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4.2 Abstract

Surface passivation to inhibit nonspecific interactions is a key requirement for in vitro single-
molecule fluorescent studies. Although the standard passivation methods involve the covalent
attachment of poly(ethylene glycol) (PEG) in two steps preferably over quartz surfaces, this
protocol and improvements thereon require extensive labor and chemicals. Herein, we report an
efficient one-step surface grafting of PEG-silane that yields enhanced passivation, as evidenced
by reduced nonspecific interactions, over the conventional method at a minimal time and reagent
cost and on glass surfaces. Our method is rooted in a mechanistic understanding of the silane
reaction with the silanol groups on the glass surface. Single-molecule fluorescence studies with
fluorescently tagged proteins and DNA on PEG-silane-functionalized glass surfaces validate the
enhanced performance of the method. Combined with atomic force microscopy surface
characterization, our study further illustrates that few remaining pinhole defects, plausibly from
defects on the glass, on PEG-silane glass-coated surfaces account for the minimal background,
where typically no more than one molecule is nonspecifically attached in a given diffraction-
limited spot on the surface.

4.3 Introduction

Single-molecule fluorescence (SMF) microscopy studies have been used to elucidate an increasing
number of fundamental biological questions, involving cellular structures® and bionanomachines.?
4 SMF studies are also instrumental toward understanding the physical, chemical, morphological,
and dynamic properties of nanomaterials, such as DNA-based nanostructures,®® supramolecular
fibers,” metal nanocatalysts,® quantum dots,®*° and nanoantennas.!* In a typical surface-based
SMF study, fluorescently tagged biomolecules/nanostructures are attached specifically to a surface
by exploiting strong noncovalent interactions, usually in the form of biotin—streptavidin (STV)
interactions.'? By using total internal reflection fluorescence (TIRF) microscopy, the fluorescent
signal of hundreds of individual molecules can be simultaneously recorded over time, where from
rich structural and dynamic information may be retrieved. SMF has thus enabled visualizing
intermediates in systems where synchronization, necessary for bulk studies, is not amenable. SMF

has also unraveled heterogeneous behavior otherwise hidden in ensemble measurements.
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Key to the success of SMF experiments is minimizing/eliminating nonspecific binding of
fluorescent substrates to the surface to minimize undesired background, while retaining
biomolecule viability.®® Reducing nonspecific interactions is particularly necessary when two- or
multiple-body interactions, such as those present in protein—-DNA complexes, are studied, where
typical affinity constants require the use of substrate concentrations in the tens to hundreds of
nanomolar. Here, fouling of the surface is detrimental to the experiment as it increases the

fluorescent background and the effective concentrations of substrates.

The standard surface passivation method applied in SMF studies involves covalent attachment of
poly(ethylene glycol) (PEG) to the surface in a two-step process.}**® This method has shown
ample advantages over the originally proposed bovine serum albumin (BSA) surface coating,’
among others, as the latter is prone to interact with small hydrophobic molecules, including
untagged fluorophores.'® The two-step PEG attachment initially requires surface functionalization
with amine groups, achieved by employing (3-aminopropyl)triethoxysilane (APTES) that binds
via silane chemistry. A second step involves grafting of a succinimidyl valerate PEG molecule
(mPEG-SVA, typically 5000 Da) via N-hydroxysuccinimide ester—-amino reaction. Several
improvements to this method have been proposed, including (i) a protocol describing a second
PEGylation round using a shorter mPEG-SVA polymer (333 Da) leading to a ~3-fold decrease in
the amount of nonspecific adsorption of Cy3-tethered protein (Cy3-Rep),'° (ii) PEG deposition
performed in cloud-point conditions to reduce the size of the PEG globule so as to form a denser
PEG layer, followed by blocking unreacted amines with acetyl groups,?® (iii) treatment of the
surface with Tween 20 (T20), a nonionic detergent, to improve the performance of a PEG—
polysiloxane?* and PEG?-treated surfaces. An extension involves use of T20 on hydrophobic
silane-treated quartz surfaces in combination with biotinylated-BSA,? showing what is to date, to
the best of our knowledge, the best performance reported. A problem with T20 surfaces, however,
is that fluorescent impurities and short single-stranded DNA (ssDNA) labeled with ATTO647N
can bind to and diffuse along this surface, presumably due to incorporation into the surfactant
layer.?® Thus, T20 is expected to be unsuitable for lipophilic dyes such as BODIPYs and non-
sulfonated cyanines, as well as for membrane-associated proteins that may potentially bind to a
T20 surface.
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Herein, we report an efficient passivation protocol relying on a one-step surface grafting of PEG-
silane (PEG-Si(OEt)s, PEG-sil) to the silanol groups on the glass coverslip surface.?*3! The glass
passivation performance of the new method is on par with that of the recently reported quartz
passivation via BSA-T20 hybrid,? vide supra. Key advantages of our method involve its speed,
low cost, robustness, sustainability, and the lack of undesired detergent—biomolecule interactions
or solubilization of small organic molecules on T20 and/or BSA. SMF and atomic force
microscopy (AFM) imaging further illustrate that nonspecific binding may be associated with the
existence of pinhole defects in the PEG film, where mostly individual molecules, rather than
clusters, are found to nonspecifically bind to the surface. Importantly, by carefully selecting
reaction conditions, our method avoids lengthy incubation periods in organic solvents in the
presence of catalysts, as previously reported.?*3! We also reduce by over an order of magnitude
the time required for PEG surface functionalization compared to the standard two-step process
(~15 min vs over 4 h). Furthermore, our reactions use a minimal amount of dimethyl sulfoxide
(DMSO0) and no chemical reagents, such as APTES. Our work ultimately provides a simple, cost-
effective, and environmentally benign approach suitable for use in biological settings, toward

rendering glass surfaces for single-molecule studies with improved passivation.

4.4 Results and Discussion

Our proposed passivation method is rooted in a mechanistic understanding of the PEG-silane
grafting reaction with the glass surface. This reaction requires alcohol condensation between the
unhydrolyzed PEG-Si(OEt)s and silanol groups at the glass coverslip surface that occurs via
nucleophilic attack (Sn2) of a deprotonated silanol on the PEG-silane to form the siloxane group
(Eqg. 1 in Figure 4.1).%? For the yield to be optimal, however, hydrolysis of PEG-Si(OEt)s in the
presence of water (Eq. 2) must be avoided, as the newly generated PEG-silanol group (PEG-
Si(OEt).0H) can then react with starting material, leading to depletion of reactant and generation
of crosslinked structures in solution (Eq. 3). We identified the high boiling point polar aprotic
solvent DMSO as the ideal solvent to use. Compared to polar protic solvents, DMSO minimizes
the stabilization of the deprotonated silanol thus increasing its nucleophilic reactivity. DMSO may
be easily obtained in anhydrous conditions, thus precluding reactions shown in Eqs 2 and 3 from
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taking place. The high boiling point of DMSO further enables conducting the reaction in Eq. 1 at

high temperature (90 °C) reducing the reaction time and rendering the use of catalysts unnecessary.

OEt
Alcohol |._PEG
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R= Et, H

Figure 4.1. PEG-silane grafting reaction (Eqg. 1) and competing hydrolysis reactions with
water (Eqg. 2) or newly generated PEG-silanol (Eq. 3). Glass surface passivation initially
required cleaning, etching, and drying, and then attaching the PEG-silane. To clean the coverslip
and also maximize the number of silanol groups exposed, we performed a piranha solution
cleaning (90 min) followed by a mild etching using NaOH (0.5 M for 30 min). Soaking the slides
in dry acetone prior to attaching PEG-silane was crucial to remove any water molecules adsorbed
at the glass/air interface due to the hygroscopic nature of glass surfaces.®® Given our extremely dry
winter conditions, we had observed better surfaces in the winter season, which made us realize
how critical this step is. Any residual water would elicit the premature hydrolysis of the PEG-
Si(OEt)s (Eq. 2). To further ensure water-free conditions, we used a Petri dish containing desiccant
as a reactor to avoid moisture before and during the reaction (Figure 4.2). PEG-silane grafting was
then performed on the dry coverslips preheated for 5 min at 90 °C followed by incubation with a
solution of PEG-silane in anhydrous DMSO for 15 min.
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Oven/90°C
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| Pre-heating
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Figure 4.2. Scheme of the reaction chamber and PEGylation process. A Petri dish was used as
a reaction chamber to perform the preheating of the glass coverslip and the PEG-silane incubation.
To ensure water-free conditions, calcium sulfate was added to the Petri dish. The reaction was
performed in a typical laboratory oven at 90 °C.

To benchmark the quality of PEG-silane-treated surfaces, we utilized an imaging experiment
where nonspecific adsorption of a (nonbiotinylated) Cy3-tagged single-stranded DNA was
monitored in the form of units of fluorescent spots within a 50 x 50 um? sample area. A 100 nM
solution of the sSDNA was incubated for 5 min, and then washed with a buffer solution of 50 mM
NaCl and 20 mM TRIS, with a pH of 8.0 (T50). No antifading buffer was used herein. Imaging
was conducted in a TIRF microscope with a 100x magnification objective utilizing an electron-
multiplying charge-coupled device (EMCCD) camera upon exciting the sample with a 561 nm
output (25 mW) diode laser.

To optimize conditions in terms of minimizing the number of nonspecifically bound fluorescently
tagged biomolecules, we examined various PEG-silane incubation times (1-30 min) at a constant
concentration of 15% w/w in DMSO. We also examined various PEG-silane concentrations (1.5—

50% w/w) incubating for a constant time of 15 min, see Figure 4.3a and b, respectively. Optimal
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passivation conditions were obtained upon incubating surfaces with 15-25% w/w PEG-silane for
15 min. Only a marginal improvement was obtained when using concentrations higher than 25%
w/w, and this occurred at the expense of easily dissolving the PEG and readily removing it once
the incubation period is over. In turn, if incubating for more than 15 min, a highly viscous solution
with some precipitates was observed due to DMSQO evaporation, thus preventing removal of excess
solution. Although a second PEGylation round was also attempted, only a marginal improvement
was obtained. Presumably because water used to remove the excess solution from the first
PEGylation round increased the hydrolysis rate of newly added PEG-silane, competing with its
grafting (condensation), see Figure 4.3a. We have chosen to use only one incubation for further
characterization and comparisons with the PEG-SVA method. However, applications that require

an increased level of passivation can take advantage of a second PEGylation.
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Figure 4.3. Quality tests of PEGylated surfaces utilizing labeled DNA and proteins.
Nonspecific binding spots found at different (a) PEG-sil incubation time and (b) PEG-sil
concentrations. (c) Performance comparison of PEG-SVA and PEG-sil-coated surfaces with
increasing concentrations of Cy3-labeled ssDNA (44mer). (d) Surface performances when using
different coverslips (d/c) each time (black squares) compared to using the same coverslip (s/c) and
same region (s/r) (blue circles). The blue diamond corresponds to a new (unbleached) region of
the same coverslip. (e) Nonspecific binding spots found on PEG-sil and PEG-SVA-coated surfaces
after incubation of Cy3-labeled ssDNA (100 nM) on: nonbiotinylated surfaces, nonbiotinylated
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surfaces + 10 min incubation of 200 nM STV, and nonbiotinylated surfaces + 5 min incubation of
a T50 buffer solution containing 1% T20. (f) Nonspecific binding spots found on PEG-sil- and
PEG-SVA-coated surfaces after incubation of Streptavidin (STV-Alexa 660), the hepatitis C virus
nonstructural protein 3 helicase domain (NS3h-Cy5) and the capsid protein of the tobacco mosaic
virus (TMV-Cy3) on: nonbiotinylated surfaces, nonbiotinylated surfaces + 10 min incubation of
200 nM nonlabeled STV, and nonbiotinylated surfaces + 5 min incubation of a T50 buffer solution
containing 1% T20. The number of surface spots was normalized to an area of 2500 um2. Error
bars represent the standard deviation of the number of spots counted from nine different images.

We next compared surfaces prepared with our method against surfaces prepared via the standard
two-step PEG attachment. In all these experiments, new coverslips were imaged at every new
DNA-labeled concentration, where nine images, on areas sufficiently spread apart (200 um) to
avoid premature photobleaching, were recorded for each condition. Similar results were obtained
for PEG-silane vs PEG-SVA surfaces in terms of the number of spots recorded with increasing
concentrations of Cy3-tagged ssDNA, see Figure 4.3c. Importantly, Cy3-ssDNA spot counts on
PEG-SVA were significantly lower in our hands, compared to those reported by others employing
these same conditions (albeit we used newly opened acetone ~0.3% in water content; acetone
being a hygroscopic solvent it may easily increase its water content over time/extended use).?>2
Also worth noting, PEG-SVA surfaces showed high variability in our hands with no clear trend
with increasing concentrations and larger standard deviations. In contrast, for PEG-silane surfaces
the average number of spots regularly increased with increasing Cy3-ssDNA concentration up to
1 uM.

To elucidate the nature of the nonspecific binding between the biomolecules and the surface, we
performed both single-molecule intensity and single-molecule photobleaching analysis. We also
conducted AFM imaging of the surface. By computing the fluorescent spot intensity distribution
and counting the photobleaching steps for each trajectory, we retrieved the number of molecules
nonspecifically bound per fluorescent spot. Analysis of the intensity-time trajectories showed in
most cases, (81%), a single photobleaching step, indicating that the spots arise from single Cy3-
ssDNA molecules binding to the surface rather than clusters of DNA collapsing/forming over it,
Figure 4.4a and b. Histograms of the initial single spot intensity were additionally obtained upon
incubating samples with 100 nM or 1 uM Cy3-ssDNA on PEG-sil-passivated surfaces, which show

that single fluorophores are the dominant species accounting for the emission from the spots, as
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can be deduced by comparing with the histogram of a control sample consisting of sSDNA
specifically bound to the PEG surface via biotin—streptavidin interactions (1% PEG-biotin was

used, and streptavidin was incubated prior to the DNA in this control experiment), see Figure 4.4c.

a 2000 b c
1000 y 1 Step 1 Step 020 ——100nM  fo5
=) 81.1% o} ——1000nM -
o 2003_ __-’0'15 Control  [0.4 ";
. =
5 v 3+ Steps =2 02 ®
9 0 © Q2
£ f::u i 3 Steps 3.9% .80'05 014 O
LMWWW ED.OD. L n'on.
0 - - —~ ot 0 5000 10000 15000
Time (s) Intensity (a.u.)

Figure 4.4. Quantitative analysis of nonspecific binding for Cy3-DNA. (a) Representative
photobleaching trajectories for one-, two-, and three-step photobleaching events (b) Pie chart
showing the distribution of photobleaching steps after incubating 1000 nM of Cy3-DNA. (c)
Intensity histogram for specifically attached DNA molecules (black) and nonspecifically bound
molecules after incubating 100 nM (red) and 1000 nM (green) of Cy3-DNA.

The intensity histogram shows, however, a tailing consistent with two or three fluorophores/spot.
Taken together, the number of photobleaching steps and the intensity histogram analysis illustrate
that spots arise mostly from single fluorophores yet we may not rule out small clusters of no more
than two or three molecules, where single-step photobleaching would result from efficient energy
transfer within chromophores in a single spot. Turning next our attention to AFM studies, this
revealed the presence of pits in the glass surface appearing as depressions >5 nm in diameter.
These depressions were observed on the glass surface before (Figure 4.5¢) and after piranha
treatment (Figure 4.5d). Following NaOH etching, the surface became more ragged, increasing
the surface roughness (Figure 4.5b), yet the depressions were still observable (Figure 4.5¢).
Functionalization with PEG-silane reduced the apparent size of the depressions but did not
eliminate them (Figure 4.5f). Comparable results were observed upon APTES treatment followed
by PEG-SVA treatment, see Figure 4.5e. The surface density of these pinhole defects/depressions
was, however, significantly greater than that of fluorescent spots, indicating that should these
defects allow for nonspecific interactions, their affinity for DNA must be very low. When focusing

our attention to the surface roughness of PEG-SVA (5000 Da)-coated surface, no significant
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change was observed when comparing to the untreated surface (Figure 4.5b,e,g), consistent with
previously reported values.®* Similar results were obtained with the newly reported method using
PEG-sil (5000 Da) (Figure 4.5b,e,f).

a b o e Hn
iranh
Gieanea [t
Fluorescent impurities NaOH E
Etched
Piranha NaOH PEGylation HO=Si=0H PEG-sil E
cleaning * § etching , % ,, %, "  PEG-sil H0-§~0H } Ho-si-o
o ¢ 9 §odoltg are 19T eGSR ——
* —) - 1 — (7 00 01 02 03 04 05
/ 90 min " 30 min 15 min, g Ty
: d ' N\ f N\ RRMS (nm)
C MR SR T " 1.3nm
: -1.3nm

Glass Piranha cleaned NaOH etched PE-siI

Figure 4.5. Surface Functionalization and AFM Imaging. (a) Schematic procedure for surface
functionalization using PEG-sil. (b) Roughness of surfaces at different stages and areas (1 and 100
um?). Atomic Force Microscopy images (1 um?) of dry surfaces for (c) bare glass, (d) piranha
cleaned surface, (e) NaOH (0.5 M) etched surface, PEGylated surface using (f) PEG-sil and (g)
PEG-SVA. Scale bars are 100 nm.

Regarding the strength of the nonspecific interactions, experiments involving photobleaching,
followed by additional Cy3-ssDNA incubation revealed the appearance of new fluorescent spots
that did not localize with the previous ones, see Figures 4.5 and 4.6. These results showed that
nonspecifically bound Cy3-ssDNA is strongly bound and thus may not be displaced from the
surface. Sacrificial sSDNA thus filled surface defects preventing the addition of fresh material in
a new cycle. The experiment additionally showed that a collection of sites of decreasing affinity
for Cy3-ssDNA existed on the surface, where lower affinity sites were only developed at
increasing (e.g., 1 uM) Cy3-ssDNA concentrations. Similar results were found when PEG-SVA

was utilized (see Figures 4.7 and 4.8).

We subsequently explored whether nonspecific interactions may be minimized/supressed upon
preincubating surfaces with either streptavidin (200 nM for 10 min) or Tween 20 (1%, 5 min)
following a first PEG treatment to cover the pinhole defects on the surface. Initially exposing either
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the PEG-silane or PEG-SVA surface to the above led to decreased nonspecific binding of Cy3-
ssDNA (Figure 4.3e; note that the surfaces lacked biotin-PEG in these experiments, also note that
as previously stated the DNA strand in Cy3-ssDNA is nonbiotinylated). This is consistent with
previous studies with T20 showing that it can decrease the degree of nonspecific binding of
DNA.?"22 \We note that T20 performed slightly better for the conventional PEG-SVA method than
for the PEG-silane method.

To investigate the versatility of the newly prepared surface, we next extended the nonspecific
binding tests to three fluorescently tagged proteins available in our laboratory, each utilized at a
20 nM final concentration. These included (i) streptavidin tagged with Alexa 660 (STV-Alexa
660), (ii) the hepatitis C virus nonstructural protein 3 helicase domain tagged with Cy5 (NS3h-
Cyb), and (iii) the capsid protein of the tobacco mosaic virus tagged with Cy3 (TMV-Cy3). In all
experiments, surfaces were prepared containing no PEG-biotin. PEG-silane surfaces performed
better than conventional PEG-SVA for STV-Alexa 660 and NS3h-Cy5, whereas for TMV both
methods showed a similar performance with very little nonspecific binding (Figure 4.3f). Given
that most single-molecule experiments rely on biotin—streptavidin interaction to anchor
biomolecules to the surface, we next tested the effect that 10 min preincubation of 200 nM
streptavidin solution has on the passivation efficiency when TMV-Cy3, NS3h-Cy5, and STV-
Alexa 660 are flowed in. Preincubation with unlabeled streptavidin was detrimental to surface
quality for NS3h-Cy5 and STV-Alexa 660, presumably due to protein—protein interactions, yet it
had no negative effect with TMV-Cy3. When T20 was tested as a prefilling agent it was found to
decrease the nonspecific binding to the surface for the labeled proteins. However, the improvement

was marginal in the case of TMV that already had low nonspecific binding.

These results suggest that the pinhole defects found on the glass surface are mainly hydrophobic,
lacking silanol groups to anchor PEG-sil or APTES. When comparing proteins vs DNA, it was
found that proteins are more prone to nonspecifically bind to the surface as proteins often have
hydrophobic moieties on their surface (see Figure 4.9 for a hydrophobic surface analysis).® We
found no significant differences on surface hydrophobicity between the proteins utilized on this
study. We also found that a protein with a low isoelectric point, such as TMV (pl = 3.4),% can
minimize the interaction with the surface compared to NS3h (pl = 6.4, calculated from the amino
acid sequence using ExPASY)* and STV (pl = 6.8—7.5, Thermo Fisher Scientific). This hypothesis
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is further supported by the fact that T20, a detergent that can form self-assembled monolayers on
hydrophobic surfaces, can minimize the nonspecific binding of NS3h and STV. On the other hand,
T20 has a marginal effect on the nonspecific binding of TMV or DNA.

4.5 Conclusions

In our experience, we have found that a limiting factor in SMF studies is the availability of high-
quality passivated surfaces, generated in a reproducible fashion. The work we described herein
mitigates the reproducibility issues by simplifying the protocol and providing a controlled
atmosphere on the most critical step. This protocol enables an efficient surface passivation and
requires minimal availability of dedicated chemistry infrastructure insofar, as acetone and DMSO
are the only organic solvents utilized. Our method delivered similar or better performance when
compared to the PEG-SVA two-step functionalization typically used in SMF studies. Our work
provides a cost-effective and environmentally benign approach toward rendering glass surfaces

for single-molecule studies with improved surface passivation.

4.6 Materials and Methods

4.6.1 Surface Cleaning and Mild Etching

The coverslip cleaning procedure combines previously reported strategies. A detailed procedure
can be found in the Supporting Information. Briefly, coverslips were soaked in piranha solution
(25% H202 and 75% concentrated H>SO4) and sonicated for 90 min, followed by several water
(Milli-Q) rinsing cycles (5x). Then, coverslips were soaked with a 0.5 M solution of NaOH and
sonicated for 30 min, followed by several water (Milli-Q) rinsing cycles (5x). To ensure that the
surface to be passivated is water free, the slides were then soaked in high-performance liquid

chromatography grade acetone for 5 min while sonicating and dried with No.

4.6.2 Preparation of the PEG-Coated Surface

To prevent nonspecific adsorption of biomolecules onto the glass surface, coverslips were
functionalized prior to use with poly(ethylene glycol) silane, MW 5000 (mPEG-sil). For
experiments requiring sample immobilization, 99:1 ratio w/w of PEG-sil/biotin-PEG-sil was used.
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A 25% (w/w) mixture of PEG-sil/DMSO (anhydrous) was incubated at 90 °C for 15 min. The
excess PEG was rinsed with water, and the coverslips were dried under a N2 stream. Imaging
chambers (~8 uL) were constructed by pressing a polycarbonate film with an adhesive gasket onto
a PEG-coated coverslip. Before image acquisition (and when necessary), the surface was incubated
with 12 pL of 0.2 mg/mL (~200 nM) streptavidin solution for 10 min. The unbound streptavidin
was washed away twice with 50 uL. of T50 imaging buffer (50 mM NaCl, 20 mM TRIS buffer pH

8.0). All experiments were conducted at room temperature (23 °C).

4.6.3 Nonspecific Binding Tests

Surfaces with an area of ~81? um? were imaged for 30 s at a frame rate of 33.3 Hz (30 ms). The
fluorescent spots were counted, and the values normalized to an area of (50 um?) (for comparison)
at varying concentrations of labeled biomolecules (proteins or nucleic acids). Labeled DNA and
proteins were incubated for 5 min, then the chamber was washed twice with 50 pL T50 buffer.
Nine regions forming a square and spaced out by 200 um were imaged. The average surface spot

counts were used to quantify the level of nonspecific binding.

4.6.4 TIRF Microscopy and Image Analysis

Fluorescence imaging was carried out using an inverted Nikon Eclipse Ti microscope equipped
with the perfect focus system implementing an objective-type TIRF configuration with a Nikon
TIRF illuminator and an oil-immersion objective (CFI SR Apo TIRF 100x oil immersion objective
lens, numerical aperture 1.49). The effective pixel size was 160 nm. With these settings, two lasers
were used for excitation (Agilent MLC400B Monolithic Laser Combiner): 561 nm (25 mW,
measured out of the objective) and 647 nm (25 mW, measured out of the objective). For Cy3
imaging, the laser beam was passed through a multiband cleanup filter (ZET405/488/561/647X,
Chroma Technology) and coupled into the microscope objective using a multiband beam splitter
(ZT405/488/561/640rpc, Chroma Technology). Fluorescence light was spectrally filtered with a
(ET600/50m, Chroma Technology) emission filter. For Cy5 and Alexa 660 imaging, the emission
was spectrally filtered with a (ET705/72 m, Chroma Technology) emission filter. All movies were
recorded onto a 512 x 512 pixel region of a back-illuminated electron-multiplying charge-coupled
device (EMCCD) camera (iXon X3 DU-897-CS0-#BV, Andor Technology).
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The camera was controlled using Micro-Manager Software (Micro-Manager 1.4.13, San
Francisco, CA). Fluorescence intensity-time trajectories of individual molecules were extracted
from the videos using a self-written algorithm in Matlab. To avoid premature photobleaching of

fluorescent spots, we started laser excitation after image acquisition.

4.6.5 AFM Imaging
For AFM, Silicon lever and tip-ACTA probes (k: 37 N/m, frequency: 300 KHz and ROC: 6 nm)
from AppNano were used. AFM data acquisition was done in Tapping Mode in air using a

multimode AFM equipped with NSllla controller and extender (Digital Instruments, Santa
Barbara, CA).

4.7 Supplementary Information

4.7.1 Materials
1M Tris-HCI buffer (pH=8), Sodium Hydroxide, Premium Cover Glass slides (25x25-1) and

Acetone (HPLC grade) were purchased from Fisher. 5 M NaCl stock solution was purchased from
Life Technologies (Ambion brand). Dimethyl sulfoxide (anhydrous, >99.9) and Tween 20
(molecular biology) were purchased from Sigma-Aldrich. Water (molecular biology grade) and
Sodium Bicarbonate 7.5% solution were acquired from Thermo Scientific HyClone (South Logan,
UT). VectabondTM was purchased from Vector Laboratories (Burlington, ON). Sulphuric acid
and Hydrogen Peroxide were purchased from ACP Chemicals. Silicon mold, Press fit tubing
connectors and polycarbonate imaging chambers (Hybriwell) were purchased from Grace Bio-
Labs, Inc. Polymers. Poly(ethylene glycol) polymers in the form of succinimidyl valerate (mPEG-
SVA, MW 5000) and Silane (mPEG-Silane, MW 5000) as well as their biotinylated versions
(Biotin-PEG-SVA, MW 5000) and (Biotin-PEG-Silane, MW 5000) were purchased from Laysan
Bio Inc. Nucleic acids. Cy3-tagged DNA 44mer (TGG-CGA-CGG-TCG-CGA-GGT-AAT-TAT-
AAC-GGT-TTC-CTT-TTC-TCT-CC[.AmC6][Cyanine3]) was purchased from  Trilink
Biotechnologies. Biotinilated DNA 18mer (ACC-TCG-CGA-CCG-TCG-CCA/3Bio/) was
purchased from Integrated DNA Technologies IDT. Proteins. Unlabeled (S888) and labeled
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(821377, Alexa Fluor™ 660 conjugate) Streptavidin were purchased from (Thermofisher

Scientific, Invitrogen).

4.7.2 Surface Cleaning

Surface cleaning before surface passivation is a key step as it removes organic impurities that can
not only block the attachment of PEG-sil but can also be fluorescent. We have initially cleaned the
surface by incubating glass coverslips in piranha (Figure 4.5a) for 90 minutes while sonicating,
maintaining the bath temperature between 20 and 30 °C. Figures 4.5¢c and d show AFM Images
of bare glass and piranha cleaned surface respectively. Surface roughness Rrms (root mean
squared) measured for two different areas (1 and 100 pm?) was slightly increased on this process
(Figure 4.5b).

4.7.3 Surface Etching

Besides cleaning, piranha also hydroxylates the surface to a certain extent. These silanol groups
are necessary to anchor PEG-sil therefore they need to be maximized. To increase the surface area
and to maximize the surface density of silanol groups, a mild etching was performed by incubating
the glass slides in a solution of 0.5 M of sodium hydroxide for 30 minutes while sonicating and
maintaining the temperature between 20 and 30 °C. As shown in Figures 4.5b and e the surface

roughness increases slightly after this treatment.

4.7.4 Ensuring Water Free Conditions

To avoid variabilities on the performance of this protocol due to water molecules adsorbed at the
interface glass/air, we have soaked the slides in acetone (HPLC grade) while sonicating to ensure
that the interface glass/air previous incubation is water free. Additionally, we have used a petri
dish as a reactor to ensure a water free atmosphere during the reaction. The chamber contains

calcium sulphate as desiccant as shown in Figure 4.2.

4.7.5 Detailed Protocol for cleaning and Surface Passivation

4.7.5.1 Surface Cleaning with Piranha

1- Using flat-tip tweezers, place five capillaries in each space of a Coplin Staining Jar
(Wheaton® 900520).
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2- Place eight glass coverslips in the slide holder making sure that one side of each coverslip

is touching a capillary and the other side facing the bulk solution.

3- Wash the coverslips with Milli-Q water to remove any dust that can be in the coverslips

and/or jar.

4- Under a chemical fume hood carefully mix cold (8 °C) H20 (30%) and H2SO4 in a 1:3

ratio (piranha solution).

5- Slightly shake the jar to homogenize the mixture (temperature will increase) and sonicate

for 90 minutes.

6- Pour piranha solution into a bath containing a NaHCO3 solution to neutralize (bubbles will

appear) and dispose appropriately.
7- Rinse the jar three times with Milli-Q water, add water again and sonicate for 5 minutes.

8- Remove the water and rinse again with Milli-Q water.

4.7.5.2 Mild NaOH Etching to Maximize the Surface Density of Silanol Groups

9- Add a 0.5 M solution of NaOH and sonicate for 30 min maintaining the temperature
between 20 and 30°C.

10-  Rinse the jar three times with Milli-Q water, add Milli-Q water again and sonicate for 5

minutes.

11-  Remove the water and rinse again, this time using molecular biology grade water.

4.7.5.3 Removing water molecules adsorbed on the glass surface

12-  Soak the coverslips on HPLC grade acetone four times and sonicate for 5 min.

13-  Remove the acetone and rinse again with acetone.

4.7.5.4 Preparation of PEG-coated Surface

14-  Dry the glass coverslip under a nitrogen stream.

15-  Place asilicon mold on the exposed side of the coverslip. (The side that is not touching the

capillary).
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16-  Prepare a 25% (w/w) solution of PEG-Silane in dry DMSO. PEG-Silane consist of a
mixture of poly(ethylene glycol) silane, MW 5000 (mPEG-Sil-5000) and (biotin-PEG-Sil-5000)
at a ratio of 99/1 (w/w)

17-  Preheat the coverslip in a clean glass chamber at 90 °C for 5 min.
18-  Add the freshly prepared solution in step 15 and wait 15 min.

19-  Remove the silicon mold, wash with water (Molecular Biology) and dry under nitrogen

stream.
20-  Place an adhesive polycarbonate imaging chamber onto the PEG-coated coverslip.

21-  Place 2 silicon tubing connectors (glued with double-sided tape) onto the predrilled holes.

4.7.6 Supplementary Figures

T50/STV 10 nM D26 50 nM D26 100 nM D26

250 nM D26 500 nM D26 1000 nM D26 Other Region

Figure 4.6. Set of Images of the Same Region After Several Incubation-Photobleaching
Cycles for PEG-sil Treated Surfaces
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T50/STV 10 nM D26 50 nM D26 100 nM D26

250 nM D26 500 nM D26 1000 nM D26 Other Region

Figure 4.7. Set of Images of the Same Region After Several Incubation-Photobleaching
Cycles for PEG-SVA Treated Surfaces

60
-0-Peg-SVA
] —0O- Peg-SVA(s/c sir)
50 T -O- Peg—SVA (slc nir)
20! T
0 \
S 30+ +
0p]
S 20+ \
5 /%
10+ -
[

o

0 250 500 750 1000
[Cy3-ssDNA] (nM)

Figure 4.8. Comparison of PEG-SVA Surfaces Performance When Using Different
Coverslips vs Using the Same Coverslip. Peg-SVA surfaces performance when using different
coverslips (d/c) each time (black squares) compared to using the same coverslip (s/c) and same
region (s/r) (blue squares). Red circle corresponds to a new (unbleached) region of the same
coverslip.
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NS3h

Figure 4.9. Hydrophobic Surface Analysis of NS3h, Streptavidin and TMV proteins. Several
views of crystal structures obtained from the protein databank (PDB) of NS3h (PDB code 1A1V)%,
Streptavidin (PDB code 1SWB)%*, and TMV proteins (PDB code 1EI7)*. Structures were and
displayed using pyMOL utilizing the normalized consensus hydrophobicity scale for aminoacids.®

4.7.7 Protocols for Protein expression and labeling

4.7.7.1 NS3h Purification and Fluorescent Labeling

HCV NS3h was expressed, purified, and fluorescently labeled as described previously.*! Briefly,
the coding sequence for HCV NS3h (genotype 1a) corresponding to amino acids 167—631 of NS3
was expressed in Escherichia coli BL21(DE3) cells with a C-terminal hexa-histidine tag. NS3h
was purified from pelleted cells by a two-step nickel, heparin column purification. Purified protein
concentrations were determined by absorbance at 280 nm on a NanoDrop 2000 (Thermo
Scientific) using the calculated extinction coefficient of 48,205 M~ cm™. For fluorescent labeling,
NS3h was incubated with 1 mM TCEP before being buffer exchanged into labeling buffer (50 mM
sodium phosphate, pH 7.0). Nine nanomoles of NS3h was reacted with an equimolar amount of
Cy5-maleimide for 1 h at room temperature in a reaction volume of 100 pL. After quenching the
reaction with 2 mM DTT, any remaining free dye was removed by buffer exchanging the labeled
protein into 2x storage buffer (50 mM Tris, pH 7.9, and 200 mM NacCl) using a NAP-5 column
(GE Healthcare Life Sciences). NS3h was then concentrated, and glycerol was added to a final

concentration of 50% prior to storage at —20 °C. The concentration of dye in the labeled protein

162



Chapter 4

solution was determined by the absorbance at 650 nm using a NanoDrop 2000 (Thermo Scientific)
using an extinction coefficient of 250,000 Mt cm™ for Cy5. The labeling efficiency (1.39/1 D/P)
was determined by dividing the Cy5 dye concentration by the protein concentration (correcting for

the dye absorbance at 280 nm, see equation below) to give Cy5/NS3h.

4.7.7.2 S123C-TMVcp expression and purification

The procedure used for expression and purification of the S123C TMVCP is a modified version
of that detailed by Francis et al.*? Tuner (DE3)pLysS competent cells (Novagen, San Diego, CA)
were transformed with the vector, plated on LB-agar and incubated at 37 °C overnight. A colony
was removed from the plate and inserted into 50 mL of LB Broth containing 100 pug/mL ampicillin
and placed in a shaker (250 rpm, 37°C) overnight. 1 mL of this overnight-grown culture was
further grown in 25 mL of LB broth to an optical density (O.D.) of 0.5 at 600 nm. This culture was
then entirely added to 1L of Terrific Broth (100 pg/mL ampicillin, 25 pg/mL chloramphenicol)
and shaken (250 rpm, 37°C) until the colony scattering signal reached an O.D. of 0.6-0.8. Isopropyl
B-D-1-thiogalactopyranoside (IPTG, > 99%, Sigma-Aldrich) was added at this point to a final
concentration of 30 uM. Cultures were grown for 24 hours at 30°C, harvested by centrifugation
and stored at -80 °C. Cells from a 2 L batch were thawed, resuspended in 200 mL of 20 mM
triethanolamine (TEA), 1 mM EDTA, pH 7.2 and lysed by sonicating at a 60% duty cycle at 70%
amplitude. The resulting lysate was clarified by ultracentrifugation for 30 minutes at 11,000 rpm.
The supernatant was warmed to RT then stirred while adding a saturated ammonium sulfate
solution dropwise to a final concentration of 35% (v/v). The precipitate formed was isolated by
ultracentrifugation for 30 minutes at 20,000 rpm then resuspended in 40 mL 20 mM TEA, 1 mM
EDTA, pH 7. The solution was dialyzed overnight against the same buffer to remove residual
ammonium sulfate and then diluted to 1 L in buffer before loading onto a DEAE Sepharose weak
anion exchange column (GE Healthcare Life Sciences, Piscataway, NJ). The coat protein was
eluted using a 0-300 mM NaCl in TEA gradient. Purity was confirmed by SDS-PAGE. 1 mM
dithiothreitol (DTT) was added to the suspension and dialysis TEA buffers to prevent cysteine

thiol oxidation.
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4.7.7.3 Sulfo-Cy3 maleimide conjugation to S123C-TMVcp
S123C-TMVcp was dialyzed to pH 7.0 using H.PO;/HP042%~ phosphate buffer (IS 100 mM) and

was then degassed under nitrogen for 30 minutes. Then, 100 molar excess of tris(2-chloroethyl)
phosphate (TCEP) was added to prevent the oxidation of free thiols into di-sulfide bonds. The
sample was then degassed for additional 30 minutes. Then 10 molar excess of the Sulfo-Cy3-
maleimide (GE Healthcare) prepared in anhydrous DMF solution was added to a final % v/v of 5
to 10%. At pH 7, TMVcp assembles primarily into disks which makes the cysteines at the 123rd
position well-accessible by the dye.*® The reaction was then set to proceed at room temperature
while thoroughly shaking it every two hours for at least 4 hours. The TMVcp conjugate was then
stored in the dark at 2 to 8 °C overnight. Excess dye was removed using Zeba™ Spin size exclusion
desalting columns, 7K MWCO, 0.5 mL (Thermo Fischer) followed by dialysis to a final pH of 8.2
against 50 mM phosphate buffer using Dry Spectra/Por® dialysis tubing (Standard regenerated
cellulose membrane, SPECTRUM) of a nominal MWCO of 13 KDa to ensure a rigorous
purification. At pH 8.2, TMV disassembles into its monomer units (MW 17.508 KDa). LC-ESI-
MS was then used to verify the success of the conjugation. The molecular probe labeling efficiency
(0.3/1 D/P) was determined from the measured absorbance spectrum of the TMV/Cy3 conjugate

after correcting for the dye absorbance at 280 nm using the following relation:

Cy3 0092 X A552
%[ — X 100
TMV] ~ [Ayg0 — (0.08 X Ass,)]
8%%/?V -1 -1
Where: 0.092 = —M—m—,
‘903'3M_1cm_1
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5.1 Preface

In chapter 1 we described the power of single molecule fluorescence techniques to study
heterogeneous and unsynchronized systems, revealing unique information otherwise hidden in
long-established ensemble measurements. In particular, we highlighted the importance of SMF
techniques to study protein-oligonucleotide interactions. In chapter 5 we utilize a single molecule
assay to study relevant biomolecular mechanisms related to the replication machinery of the
Hepatitis C virus (HCV). Specifically, we develop an smPIFE assay to study the non-structural 5B
polymerase of HCV, which has the ability to initiate synthesis de novo through a primer
independent mechanism. Here, we report studies on NS5B binding, sliding, and searching for the
3’ of its single stranded RNA substrate. Our studies are centered on the dynamic processes
allowing this protein to locate the 3’-terminus of the RNA template. Application of this technique
has expanded our understanding of key mechanistic aspects of NS5B-RNA complexes preceding
de novo initiation, including RNA binding/unbinding and sliding. This methodology has allowed
us to also study the effect of a divalent ion such as Mg?* on the stability and dynamics of NS5B
and its RNA substrate.
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5.2 Abstract

The hepatitis C virus (HCV) non-structural protein 5B (NS5B) polymerase catalyses the
conversion of the (+) single-stranded RNA genome of HCV into double-stranded RNA. In vitro
studies have shown that this task can be performed through both a primer-dependent and a
remarkable primer-independent mechanism. However, the general dynamics and the mechanism
by which this enzyme locates the 3’-terminus of the RNA template to initiate synthesis de novo
remains elusive. Here we performed single molecule fluorescence studies based on protein induced
fluorescence enhancement (PIFE), that report on NS5B binding, sliding and search for the 3 of its
sSRNA substrate. Our results suggest that, NS5B can exist in a fully open conformation in solution.
Additionally, dwell time analysis of single molecule fluorescence trajectories is consistent with
two binding modes for NS5B, an unstable one resulting in rapid dissociation, and a stable one
characterized by a longer residence time on the substrate. We associate these bindings to an
unproductive and a productive orientation respectively. Addition of divalent Mg?* cations
increases the mobility of NS5B along its RNA substrate while simultaneously decreasing its
residence time to a few seconds, leading to binary PIFE trajectories showing multiple on (bound)
and off (unbound) segments. Therefore, presumably several attempts are necessary before NS5B
form a productive complex to initiate the synthesis of the complementary strand. The presence of

NTPs and GpG primer have minor effects on NS5B-RNA dynamics.

5.3 Introduction

Viruses within the Flaviviridae family, including West Nile (WNV), Dengue (DENV), Zika
(ZIKV), Yellow Fever (YFV), Japanese Encephalitis (JEV), Bovine Viral Diarrhea (BVDV), and
Hepatis C (HCV), represent a major health threat and economic challenge. Accordingly, there is
considerable ongoing activity to develop antiviral drugs for these viruses. Polymerases constitute
an important target to inhibit viral replication since not only they play a key role in the viral

replication cycle, but also show a high degree of conservation within the Flaviviridae family.!

HCV and its non-structural protein 5B (NS5B) polymerase provide an ideal model to study the
Flaviviridae family of viruses. HCV exemplifies one of the major successes of modern medicine

in the treatment of viral diseases, with recently developed drugs achieving over 95% success rates
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in treatment.> Among these new drugs, Sofosbuvir,® a clinically approved direct-acting antiviral
(DAA) in the form of a nucleotide analogue inhibitor targeting the active site of NS5B, has been
recently reported to also inhibit ZIKV* and DENV® replication. As such, the working mechanism
of NS5B can be used as an archetype to study the replication of newly emerging viruses within the

Flaviviridae family.

NS5B, an RNA-dependent RNA-polymerase (RdRp), resembles a right hand containing finger,
palm, and thumb subdomains, similar to other polymerases (Figure 5.1b).88 It was initially shown
that, due to extensive interactions between the fingers and thumb subdomains, NS5B can fully
encircle the active site. This “closed” conformation would require NS5B to thread over the RNA
strand to localize the active site. Subsequent studies showed that NS5B can be crystalized in two
different states, revealing a structure with a more open conformation.® In ensuing studies, it was
shown that NS5B can initiate de novo synthesis on circularized RNA templates, suggesting that
NS5B can undergo transitions to a fully “open” conformation before template recognition.'® The
catalytic activity of NS5B is mediated by two metal ions (either Mg?* or Mn?*) in the active site.
These metal ions are bound to two conserved aspartic acid residues in the catalytic site of NS5B
and are essential for the nucleotidyl transfer reaction through the “two-metal-ion” mechanism.!
Both Mg?* and Mn?* can support RNA synthesis, however, it has been shown that RNA synthesis
is increased by 4-20 fold in the presence of Mn?*,1213 Furthermore, Mn?* is preferred for de novo

initiation. 1415

Remarkably, NS5B has the ability of initiating synthesis de novo through a primer-independent
mechanism (Figure 5.1a)."> 17 Notably, this function is shared by other polymerases of the
Flaviviridae family such as DENV,* BVDV,* and ZIKV.?° How these enzymes locate the 3'-
terminus of the RNA template, however, remains an unsolved question. Previous reports have
shown that de novo synthesis is favoured under certain conditions. After NS5B locates the 3’
target, de novo RNA synthesis is initiated with the positioning of a single nucleotide,
complementary to the nucleotide in the 3’ position of the template. Initiation from pyrimidine
bases shows much higher activity than from purine bases (with C being more active than U).*> 15
17, 21-22 Fyrthermore, several studies have shown that high concentrations of the initiating
nucleotide, GTP or ATP, are required to allow de novo initiation.®**> 1% 22 More recently, it has
been shown that high concentrations of NTPs corresponding to the first three incorporated
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nucleotides are needed for efficient de novo RNA synthesis.?®> On a possible related note, NS5B
has been observed to have a surface binding site specific for GTP lying at about 30 A from the
catalytic site, next to the region of interaction between fingertips and thumb.?*

While the precise mechanism of de novo initiation remains unknown, the presence of the first di-
and tri-nucleotides has been suggested to play a key role. The first reaction product during de novo
initiation is a dinucleotide which can dissociate from the polymerase/template complex in a
process known as abortive initiation,? leading to an accumulation of di- and tri-nucleotides that
can be used in a next round by NS5B to efficiently initiate RNA replication.® Furthermore,
exogenously added di- or tri-nucleotides can abolish the need for high concentration of the

initiating nucleotides.?®

Although rich structural information about NS5B and the interaction with its RNA substrate is
available, ®° 262" the intrinsic dynamic interaction of NS5B/RNA and the effect of divalent metal
ions (Mg?* or Mn?*), and NTPs, remains poorly understood, hampering a better mechanistic
understanding of NS5B polymerization. Here, we developed and applied a single molecule protein
induced fluorescence enhancement (smPIFE)?8-30 assay to study the binding and sliding dynamics
of NS5B polymerase on a single-stranded RNA (ssRNA) substrate. Single molecule fluorescence
techniques provide unique spatiotemporal resolution and allow for the study of heterogeneous and
unsynchronized events.3 We explored the effect of Mg?*, NTPs, and GpG primer on the protein-
sSRNA interaction dynamics. Our studies suggest that NS5B can transiently bind RNA in two
orientations, characterized by short (fraction of a second) vs permanent (within our observation
window) binding under monovalent ions. PIFE data indicates that NS5B does not bind
preferentially to the 3'-terminus of an sSRNA but rather randomly. Taken together, our findings
suggest that NS5B exists in an open conformation before template recognition. Single molecule
intensity time profiles additionally show that NS5B affinity for and dynamic activity with SSRNA
is modulated by the presence of magnesium ions. Thus, Mg?* dramatically decreased the affinity
of NS5B to its sSSRNA substrate, and simultaneously, Mg?* enhanced the rate at which NS5B scans
its SSRNA template. We posit then that Mg?* may assist NS5B towards the efficient localization
of its 3’ terminus target. Surprisingly, the presence of NTPs showed a limited effect on the

dynamics of NS5B-RNA.
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Overall, our work not only unravels new insights on the working mechanism of NS5B, but
additionally provides new associated methods for the rapid screening of potential antiviral drugs

toward viral polymerases relying on synthesis de novo.

5.4 Results and Discussion

5.4.1 Single-molecule PIFE assay interrogates the dynamic interaction of
NS5B-ssRNA

In order to better understand how NS5B interacts with its SSRNA substrate, we designed a single
molecule assay to localize the relative position of NS5B with respect to the 3’ terminus of an
ssRNA by using smPIFE,?%2° a methodology that is well suited to probing dynamic interactions
between proteins and nucleic acids.®? A Cy3 fluorophore was specifically attached to the 3’ end of
an ssRNA to serve as PIFE reporter (Fig. 5.5). Given that NS5B can accommodate 7-8 bases of
nucleic acid within its template-binding cleft,®® we utilized a Cy3-tagged 38-nucleotide (nt) RNA
strand. This strand is attached to the surface via hybridization to an 18-nt DNA strand bearing a
biotin moiety at the 3’ position, leaving a 20-base overhang (See Figure 5.1c and Fig. 5.5). This
length enables examining simultaneously on the binding and sliding of NS5B, where we note that
the conjugation to the 3’ end of the RNA does not inhibit NS5B synthesis de novo.>* DNA/RNA
duplexes were surface-immobilized via biotin-streptavidin interactions in previously passivated
glass surfaces (Fig. 5.1d).%> DNA/RNA duplexes were initially immersed in a microchamber
containing a buffer solution and a photostabilizing cocktail (See material and methods, section
5.5.1). Next, an identical solution, however, now including the wild type NS5B was flowed into
the chamber.

The fluorescence of individual surface immobilized substrates was monitored using total internal
reflection fluorescence (TIRF) microscopy upon 561 nm laser excitation. Using this method, we
observed the binding and sliding of freely diffusing NS5B in real time, reported in the form of a
sudden increase and gradual changes, respectively, in the fluorescence signal intensity collected
from Cy3 (Fig. 5.1e). Here, as the protein approaches the 3’ end, the fluorescence of Cy3 increases.
The fluorescence enhancement then provided information on the binding and sliding of NS5B as
well as its proximity to the 3° end. The sudden drop in the fluorescence signal to background levels

signaled photobleaching of the Cy3 fluorophore. The observed normalized fluorescence value
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(PIFE value) thus allowed us to monitor changes in the enzyme position relative to the 3’ of the

sSRNA overhang.
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Figure 5.1. smPIFE assay reporting on the proximity of NS5B to the 3’ end of a ssSRNA. (a)
Regular (primer dependent) RNA synthesis vs de novo (primer independent) RNA synthesis. (b)
Crystal structure of HCV NS5B polymerase from genotype 1b (isolate Conl) (PDB: 3FQL)%
highlighting the palm (red), fingers (blue), and thumb (yellow) subdomains. Two loops
interconnecting the finger and palm subdomains are shown in cyan and the two metal binding
aspartate residues are shown in green to highlight the catalytic site.® (c) DNA/RNA duplexes
utilized in this study. 18 base-pair DNA:RNA hybrid duplex region with 3° RNA overhang, DNA
and RNA strands are represented in blue and black, respectively, with biotin conjugation
represented as B. RNA templates used in our studies are simplified as (RX), where n denotes the
length of the 3’ overhang and x specifies the dye functionalization strategy (A for amidite and S
for succinimide); the Cy3 position is displayed as a stem when a succinimide-C6 linker is used
and as a hook when an internal Cy3 amidite is employed. (d) Schematic illustration of the smPIFE
assay in an evanescent excitation field. Cy3 labeled DNA/RNA duplexes as shown in (c) were
surface immobilized on a glass slide via biotin-streptavidin interactions (the size of the stars
indicates the relative fluorescence of Cy3 depending on NS5B proximity). (e) Normalized
fluorescence-time trajectory highlighting NS5B binding, NS5B-RNA dynamics, and Cy3
photobleaching.
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In order to calibrate SmPIFE in terms of the intensity enhancement dynamic range, we conducted
a series of bulk and single molecule studies with two different constructs, (Figure 5.1c).3* RNA
templates used in our studies (RX), thus were prepared bearing two different functionalization
strategies, amidite (R4) and succinimide (R$) where n denotes the length of the 3’ overhang. We
have previously shown that R3, and RZ, templates possess different fluorescence emission
quantum yields (®f) (0.09 and 0.15, respectively), therefore, different enhancements were
expected upon NS5B binding.*® By comparing the @, of free Cy3 in water (0.04), and in glycerol
(0.43, where photoisomerization is completely supressed (See section 5.5.3)) and the @ of Cy3
bound to RNA in R5, and R4, we established that the maximum enhancement of free Cy3 under
optimal conditions is 10-fold. However, due to the initial higher @, of Cy3 when tagged to the
RNA templates utilized herein, we expected maximum enhancements of 2.9- and 4.8-fold for R,
and R3,, respectively. We additionally calibrated Cy3 enhancement in the presence of the divalent
cation Mg?*, previously reported to increase the @ of Cy3 when attached to oligonucleotides.®’
Single molecule as well as ensemble measurements show that Mg?* increased the @ of Cy3 by
1.7- and 1.4-fold for R4, and R5, , respectively (see section 5.5.3). As such, the expected
maximum @, enhancements of Cy3 for R4, and R3, were 1.6- and 3.3-fold, respectively, in the
presence of Mg?*. Accordingly, we chose to work with R5, as it provided the largest dynamic
range, where the difference of 4.8-fold vs 3.3-in Cy3 maximum enhancements expected in the

absence and presence of Mg?* should be considered in comparing SmPIFE results with NS5B.

We first examined the binding of NS5B to the 20 base sSRNA overhang in the DNA/RNA duplex
construct (R3,) in the absence of Mg?* ions (Hepes 10 mM, 20 mM NaCl, pH 7.3). When NS5B
was added to the microchamber, we observed that in some cases NS5B transiently interacted with
R5, before becoming permanently bound (until dye photobleaching was recorded) (Figure 5.2a).
The short interaction is evidenced by brief spikes in the fluorescence intensity. We hypothesize
that the positively charged binding site of NS5B can accommodate a negatively charged ssRNA
in two possible orientations (Figure 5.2c), the one necessary for productive RNA transcription and
a second unstable binding mode where the protein is flipped 180 degrees over the template. Here,
and due to the specificity of the contact groups of NS5B and RNA, we propose that only one
orientation will result in stable binding. Under this assumption, the probability distribution (B,) of

the number of unstable bindings (n) recorded in a given trajectory before a stable binding occurs
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can be expressed as B, = P, X (P,)", where P, and P, are the probabilities of stable and unstable
binding, respectively. On the basis of a collision encounter, probabilities may a priori be assumed
equal, i.e., 0.5. A histogram showing the expected probability B, vs the number of unstable
bindings (n) before NS5B forms a permanent complex with R3, (Figure 5.2b, red histogram) is
consistent with the experimentally observed probability distribution (Figure 5.2b, grey

histogram), supporting the hypothesis of two contact modes leading to binding (stable and

unstable).
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Figure 5.2. NS5B binding dynamics in the absence of Mg?* ions. (a) Single molecule
fluorescence trajectories showing zero, one, two, and three unstable bindings before NS5B stably
binds to a sSRNA strand. (b) Observed (grey) and expected (red) probability of the number of
unstable binding events, before NS5B can stably binds to an ssSRNA strand. The expected
probability has been calculated assuming an equal probability of unstable and stable binding, Py =
0.5 and Ps = 0.5, respectively. (c) Schematic representation of a stable and unstable binding of
sSRNA by NS5B. (d) Histograms showing the distribution of the initial stable binding
enhancement (red) vs the distribution of enhancements recorded for bound protein (grey). (e)
Probability distribution of the bound times (t») showing a mono-exponential fitting to yield average
bound time (z}). (f) Probability distribution of the unbound times (t) and its mono-exponential
fitting to yield average unbound time (z,).
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While polymerases are expected to rapidly diffuse along the backbone to find their target, under
our experimental conditions with no Mg?* and no NTPs, the sliding dynamics of NS5B were found
to be slower than reported at >300 nt/s.3® This is evidenced by slow changes in the PIFE signal
that can be monitored within the time resolution (200 ms) of our smPIFE imaging experiments
(Figure 5.2a).

In order to test if NS5B initially binds preferentially to the 3’ terminus, we computed the
distribution of enhancements immediately after stable protein binding. A broad distribution of
enhancements was found as shown in Figure 5.2d (red histogram), consistent with binding at
random positions along the ssRNA. This finding implies that NS5B must be in a fully opened
conformation - rather than threading through the 3’ end - before binding the ssSRNA backbone.
While we had hypothesized that once bound, NS5B can slide along the RNA backbone to find the
3’, our results further showed that the distribution of NS5B is rather random, resulting in a range
of PIFE values over time. Thus, upon comparing the distribution of enhancements recorded for
bound protein (Figure 5.2d, grey histogram) with the histogram constructed solely from the
enhancement value upon initial binding, we found both distributions to be similar. This suggests
that under these experimental conditions NS5B can slide but cannot recognize the 3’terminus.
Moreover, consistent with our previous report,3* in the absence of Mg?* ions, NS5B was observed
to bind tightly (permanent binding) to its sSRNA substrate (Figure 5.2a). As such, kinetic
information on average bound time (z;) under these conditions was limited by the photobleaching
of the dye (7, = 26s) (Figure 5.2e and Table 5.1). Here the dwell time between unstable
bindings further allowed us to estimate the average unbound time (z,) under the protein

experimental conditions we worked at (7, = 3.6 s) (Figure 5.2f and Table 5.1).

5.4.2 Mg?* ions decrease the affinity while increasing the dynamism of NS5B
and its RNA substrate

We subsequently studied the role that Mg?* (5mM), necessary for the catalytic activity of NS5B,
plays in modulating the affinity and dynamics of NS5B with regards to its RNA substrate. Upon
addition of Mg?*, the dissociation rate constant of the NS5B-RNA complex increased. Here, NS5B
underwent repeated binding and unbinding events (Figure 5.3a). We studied the kinetics of the
binding/unbinding process and found that the probability distribution of dwell times for the

enzyme bound to its RNA substrate is better adjusted by a biexponential function. We have plotted
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the cumulative distribution function as it allows to better separate the two contributions (see
Figure 5.3b and section 5.5.4). Two average bound times (z,) were found, (3 = 0.43 s) and
(tZ = 5.29 s), with fractional contributions f; = 0.54 and f, = 0.46, respectively, suggesting, as
also shown in the absence of Mg?*, two modes of binding with equal probability but different
stability. While the short component 7} remains unaffected when compared with solutions
containing no Mg?*, the long component 77 is largely shortened. When analyzing the unbound
dwell times, the probability distribution is well adjusted by a monoexponential decay (Figure
5.3¢). In the presence of 5 mM Mg?* the average unbound time was ~3-fold larger than the one we
recorded in the absence of Mg?* (r,, = 11.3 s) under otherwise identical conditions. The increase
in 7, can be attributed to a Mg?*-induced compaction of the ssRNA strand that can inhibit proper
ssRNA-NS5B contact.*®

Notably, we found that for the longer binding events, the fluorescence enhancement (~3.3-fold) is
unchanged during each binding event. Furthermore, the same enhancement is found for most of
the binding events (Figure 5.3a). This is underscored in the sharper intensity enhancement
distribution with NS5B when compared to the distribution encountered in the absence of Mg?*,
see Figure 5.3d. We interpret this observation as arising from a rapid sliding of NS5B along the
backbone, beyond our time resolution. In this regime, single molecule trajectories would only
show average enhancements on the Cy3 signal. In order to better understand the short vs long
binding events, we have plotted separately the average enhancement per event for the short (to < 1
s) and long (&b > 1 s) binding events (Figure 5.3e). The histogram of average intensity
enhancements for the long binding events is centered around a sharp peak at ~3.3. On the other
hand, the short binding events resulted in a broad distribution. The latter is consistent with NS5B

binding at a random position and being unable to slide due to binding in an unstable orientation.

We note that the average enhancement of 3.3-fold found in the presence of Mg?* corresponds to
the maximum enhancement expected from our calibration experiments. This may, at first sight,
seemingly contradict our interpretation of the data as a 3.3-fold enhancement would implicate a
protein very close to the 3° end. However, some of the short binding events show enhancements
larger than expected of up to 7-fold, pointing towards a Cy3 with a higher dynamic range than the
expected from our calibration. This deviation from expected values is currently under investigation

and two hypotheses are to be tested. First, the 561 nm laser beam, utilized in the current work,
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excites the red edge of Cy3 absorption spectrum. Here a protein induced spectral red shift would
increase the excitation rate of Cy3, effectively contributing with a second component (enhanced
absorption, in addition to reduced isomerization) to the fluorescence enhancement. Preliminary
results show that under the same experimental conditions, when a 532 nm laser beam is utilized,
the PIFE recorded upon NS5B biding in the presence of Mg?* is ~1.5-fold instead of 3.3-fold. A
second hypothesis points toward a Cy3 with a fluorescence quantum yield higher than the one
measured in glycerol. Cy3B, the locked analog of Cy3, has been reported to have a fluorescence
guantum yield of 0.67,%° higher than the 0.43 measured for Cy3 in glycerol.

The increased dissociation rate constant with Mg?*, when compared to the permanent binding in
the absence of Mg?* ions, suggests that NSB5 can not support efficient de novo replication by itself
in vivo as it would require multiple trials before it can firmly bind to the 3’ of its RNA substrate.
This implies that, for efficient de novo replication in vivo, NS5B may need other proteins to prevent
RNA from escaping the replication complex. It has been previously reported that NS3 and its
cofactor NS4A,*! as well as NS5A* can form complexes with NS5B. Moreover, NS3* and
NS5A*-4¢ exhibit RNA binding activity, suggesting that they may play a role in stabilizing the
NS5B-RNA complex.
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Table 5.1. Average NS5B bound (tb) and unbound (tu) times recorded under different
experimental conditions. All measurements were taken in solutions containing 10 mM Hepes
buffer pH 7.3, and 20 mM NaCl. Additionally, when indicated, Mg?* (5 mM), NTPs (20 uM UTP,
20 uM GTP, 20 uM CTP, and 400 uM ATP), and GpG primer (20 uM) were added. Errors have
been obtained from the mono and bi exponential fitting functions.

Condition 7 (8)/ f1 75 (8)/ f2 75 (S) Ty (S)
(-) Mg ~0.2/~05 >265+1.7/~05 - 3.6+01
(+) Mg?* 0.43+0.02/0.54 5.29+0.06/0.46 2.4 11.3+0.2
(+) Mg?* (+) NTPs 0.40+0.02/0.52 6.01+0.08/0.48 3.1 123+0.3
(+) Mg®* (+) NTPs (+) GpG ~ 0.48+0.02/0.48 6.67 £0.05/0.52 3.7 7.7+0.1

@ The reported average lifetime value corresponds to photobleaching. Accordingly, dissociation
takes as long or longer than photobleaching for the permanent binding observed.
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Figure 5.3. Effect of Mg?* ions on the dynamics of NS5B and its RNA substrate. (a) Single
molecule fluorescence trajectory showing repeated binding and unbinding events. (b) Cumulative
probability distribution of the dwell bound times and its biexponential fitting function (red). (c)
Probability distribution of the dwell unbound times and its monoexponential fitting function (red).
(d) Histograms showing the distribution of the normalized fluorescence enhancements in the
absence of Mg?* (grey), with Mg?* (green), with Mg?* and NTPs with GTP at a higher
concentration (red), with Mg?*, NTPs and GpG primer (blue). (e) Histograms showing the
distributions of the mean normalized fluorescence enhancements per peak in the presence of 5 mM
of Mg?*. Distribution have been separated according to their peak length. Blue and green
distributions represent peaks with length times < 1 s and >1 s, respectively.
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5.4.3 NTPs and GpG primer show minor effects on NS5B-RNA dynamics

In order to fulfill the necessary conditions to allow de novo initiation, we next studied the binding
dynamics of NS5B and its RNA substrate in the presence of NTPs. Given that a high concentration
of the initiating nucleotide (GTP in this case) is required for de novo synthesis. 131% 192223 GTPp
was utilized at a higher concentration (ATP, UTP, and CTP at 20 uM and GTP at 400 uM) in the
presence of 5 mM of Mg?*. Under these conditions, primer formation in a major proportion as well
as primer extension in a minor extent are expected. Importantly, our smPIFE assay is not able to
sensitively report on changes from single to double stranded oligonucleotides as the fluorescence
of Cy3 in R5, is only increased by 1.14-fold when the single stranded overhang (20 bp) is
hybridized to a fully complementary DNA sequence (see section 5.5.3-d). Therefore, the ability
of our smPIFE assay to report on primer formation and primer extension will depend on the
stability of the newly formed ternary complexes (template/primer/NS5B  or
template/complementary strand/NS5B, respectively).

We have found that the average bound and unbound times as well as PIFE distributions were not
considerably affected when compared to experiments in the absence of NTPs but bearing 5 mM
Mg?* (Table 5.1 and Figure 5.3e). The modest increase in T, and 7,, we recorded is within the
error of our measurements. Notably, primer formation followed by a rapid dissociation may be

occurring without being detected.

A major difference between single molecule and ensemble regimes lies in the fact that surface-
immobilized DNA/RNA duplexes are in extremely low concentrations (~pM). This amount is not
enough to quickly build up a pool of primers that can be utilized by NS5B in a second round to
undergo primer extension. In order to overcome this intrinsic difference between single molecule
and bulk experimental conditions, we added exogenous GpG primers (20 pM). Under these
conditions, average bound times were not considerably affected (Table 5.1 and Figure 5.3¢e),
however, average unbound times were decreased from 13.3 s to 7.7 s. The cause of this change is

currently under investigation.

Different factors may explain our inability to visualize the formation as well as the extension of a
primer. It may be that both processes are rare events where many attempts by NS5B are required.
In our smPIFE experiments, we are limited by the photobleaching time of the fluorophore (~60 s,
pre-binding plus after binding average times). Additionally, visualization of primer formation and
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extension is not feasible if the process is followed by a rapid dissociation. Future experiments
including Mn?* may reveal more insights on de novo synthesis as de novo synthesis performs more
efficiently in the presence of Mn?* when compared to Mg?*. However, experiments utilizing Mn?*
may be very challenging as this divalent metal ion has been associated with Cy3 photobleaching.*’
Carefully optimized concentrations for this cofactor may provide a window to visualize primer

extension before Cy3 photobleaching.
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Figure 5.4. Dynamic mechanism of NS5B and RNA. (top) Binding mechanism of NS5B
illustrating that an open NS5B in solution is required before binding to an ssSRNA. The scheme
also shows NS5B binding in two possible directions, an unstable and a stable mode. (bottom)
Sliding speed of NS5B depending on the presence of divalent metal ions. While in the absence of
Mg?* NS5B can slowly slide (seconds timescale) along a ssRNA strand (bottom, left), in the
presence of Mg?*, NS5B can rapidly slide (beyond our detector time resolution, 200 ms) along an
sSRNA backbone (bottom, right).

5.5 Conclusions

Herein we have described the dynamics of the early steps of de novo RNA synthesis catalyzed by
the NS5B polymerase of HCV, including binding, sliding, and attachment to the 3°. We have found
that, instead of threading, NS5B binds to the template at random positions, suggesting that, in

solution, an open conformation must exist in equilibrium with the closed conformation previously
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described by crystallographic studies (Figure 5.4, top left), consistent with NS5B activity on
circular DNA. We have also found that NS5B can bind to its RNA template in two orientations.
While one mode of binding is found to be unstable, the other mode forms a permanent complex in
Mg?* free solutions (Figure 5.4, top right).

Upon binding, NS5B can slowly slide along the ssSRNA template in the absence of Mg?* ions
(Figure 5.4, bottom left). However, in the presence of Mg?* ions NS5B can rapidly slide along
the RNA backbone, beyond the resolution limit of our detector (Figure 5.4, bottom right).
Addition of NTPs (with GTP in higher concentration) as well as GpG primer, has marginal effects

in the dynamics of NS5B in terms of sliding and the ability to bind sSRNA.

Our smPIFE studies provide a window into the working mechanism of NS5B at the early steps of
de novo synthesis and provide a strategy for the rapid screening of potential antiviral drugs
interfering with the binding and sliding of related polymerases found within the Flaviviridae
family.
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5.6 Supplementary Information

5.6.1 Materials and Methods

5.6.1.1 Materials

5.6.1.1.1 Reagents

d-(+)-Glucose, glucose oxidase type VII from Aspergillus niger (G2133), p-mercaptoethanol, and
Dimethyl sulfoxide (anhydrous, >99.9) were purchased from Sigma Aldrich. 1 M Tris—HCI buffer,
pH 8.0; 1 M HEPES buffer, pH 7.3; Sodium Hydroxide; Premium Cover Glass slides (25x25-1),
and Acetone (HPLC grade) were purchased from Fisher Scientific. NaCl solution (5 M), MgCl>
(1 M), and Streptavidin (S888) were purchased from ThermoFisher Scientific, Invitrogen. GTP,
ATP, UTP, and CTP solutions were purchased from ThermoFisher. Water (molecular biology
grade) was acquired from Thermo Scientific HyClone (South Logan, UT). Sulphuric acid and
Hydrogen Peroxide were purchased from ACP Chemicals. Poly(ethylene glycol) polymers in the
form of silane (mPEG-Silane, MW 5000) as well as the biotinylated version (Biotin-PEG-Silane,
MW 5000) were purchased from Laysan Bio Inc. Silicon mold, press fit tubing connectors and

polycarbonate imaging chambers (Hybriwell) were purchased from Grace Bio-Labs, Inc.

5.6.1.1.2 Nucleic acids
Cy3-tagged RNA strands and GpG RNA dinucleotide were purchased from Trilink

Biotechnologies, and biotin-tagged DNA strand was purchased from Integrated DNA
Technologies (IDT). Listed below in Table 5.2 are the sequences utilized in constructing the
DNA/RNA duplexes in our study.

5.6.1.2 Single Molecule Fluorescence Imaging

5.6.1.2.1 Single molecule sample preparation and surface immobilization

Glass coverslips were initially cleaned and then passivated in one step utilizing PEG-Silane as
previously described.®® Before image acquisition, the surface was incubated with 15 uL of 0.2
mg/mL streptavidin solution for 10 min. The unbound streptavidin was washed away with imaging
buffer (20 mM NaCl, 10 mM Hepes buffer, pH 7.3). Following streptavidin incubation, the

DNA/RNA hybrid was immobilized on PEG-coated glass coverslips via biotin-streptavidin
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interactions upon incubating a 200 pM solution of the annealed construct. Unbound constructs

were flushed out with additional imaging buffer.

5.6.1.2.2 Anti-fading solution
Experiments were carried out in the presence of an oxygen scavenger solution consisting of -

mercaptoethanol (143 mM), D-(+)-glucose (0.8% w/v), and glucose oxidase (165 units/mL). The
first image was acquired 10 min after introducing the oxygen removal system to allow the
equilibration of the oxygen concentration in the chamber. Solutions were 10 mM in HEPES buffer
pH 7.3 and 20 mM in NaCl with 100 nM NS5B when necessary. Additional reagents such as
MgClz, NTPs, and GpG were added when necessary. Experiments were conducted at room

temperature (23 °C) unless otherwise specified.

5.6.1.2.3 TIRF microscopy
Fluorescence imaging was carried out using an inverted Nikon Eclipse Ti microscope equipped

with the perfect focus system (PFS) implementing an objective-type TIRF configuration with a
Nikon TIRF illuminator and an oil-immersion objective (CFI SR Apo TIRF 100x oil immersion
objective lens, numerical aperture (NA)=1.49). The effective pixel size was 160 nm. With these
settings, a 561 nm laser was used for excitation (Agilent MLC400B Monolithic Laser Combiner).
The laser beam was passed through a multiband cleanup filter ZET405/488/561/647x (Chroma
Technology) and coupled into the microscope objective using a multiband beam splitter
ZT405/488/561/647rpc (Chroma Technology). Fluorescence was spectrally filtered with two
emission filters ZET405/488/561/647m and ET600/50m (Chroma Technology).

All movies were recorded onto a 512 x 512 pixel region of a back-illuminated electron-multiplying
charge-coupled device (EMCCD) camera (iXon X3 DU-897-CS0-#BV, Andor Technology). The
camera was controlled using Micro-Manager Software (Micro-Manager 1.4.13, San Francisco,
CA, USA), capturing 16-bit 512 x 512 pixel images with an exposure time of 50-200 ms. The
microscope was controlled using the software NIS element from Nikon.

5.6.1.2.4 Image and data analysis
We observed typically ~500-800 spots corresponding to single DNA-RNA duplexes over one field

of view (=822 um?). We utilized a Matlab-based graphical user interphases to perform single
molecule data analysis. Single molecule detection was based on an IDL script utilized by the Ha
group, where diffraction-limited spots (DLSs) are mapped via threshold analysis and the clustered
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DLSs are rejected. A second script was written and used to extract intensity-time single-molecule
trajectories, where background correction was performed for each DLSs at every frame
considering its local background. For the kinetic analysis, we developed a graphical user interphase
in Matlab to analyse bound and unbound dwell times. Bound dwell times were found by
performing a thresholding analysis. A Gaussian profile was fitted to the normalized intensity prior
to NS5B binding to find the standard deviation (c), where signals above 5c were considered as
bound states. Histograms of smPIFE values were constructed from the beginning of the first
binding event to the end of the last binding event prior photobleaching of the donor dye. In this
manner the region prior to protein arrival upon flowing is effectively rejected. All histograms were

constructed using OriginPro 8.5 (OriginLab).

5.6.1.3 Steady-state and Time-resolved Studies

5.6.1.3.1 Steady-state absorption and fluorescence measurements

Absorbances were recorded using a HITACHI U-2800 UV-vis spectrophotometer. Emission scans
were recorded using a PT1 QuantaMaster 400 spectrofluorometer and the provided software. The
fluorescence spectra were recorded using a 2 nm bandwidth excitation and emission slits.
Fluorescence was recorded every 1 nm using a 0.2 s integration time. Emission spectra were
corrected for wavelength-dependent variations in the detector sensitivity. The fluorescence

quantum yield of Cy3 dye at room temperature was determined using PM605 in acetonitrile (® =

0.72) as a standard.*® The absorption and emission spectra of Cy3 when free and in the constructs
of interest were measured in imaging buffer (L0 mM in HEPES buffer pH 7.3 and 20 mM in NaCl)
at different concentrations. Cy3 was also measured in glycerol solutions. The absorbance of all
samples was kept below 0.05 at the excitation wavelength (514 nm). The integrated intensities
versus absorbance were then plotted and fitted linearly. Relative fluorescence quantum yields for
the unknown with respect to the standard were obtained according to well-established methods*®
by comparing the absorption and emission of the unknown and standard samples and correcting
for the solvent refractive index of the solution of the unknown and standard.
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5.6.1.3.2 Time-resolved fluorescence measurements
Fluorescence lifetime measurements were carried out using a Picoquant Fluotime 200 time-

correlated single photon counting (TCSPC) setup employing a supercontinuum laser as the
excitation source (WhiteLase SC-400-4, Fianium Beverly, MA). A center excitation wavelength
of 514 nm was spectrally separated from the broadband emission by a computer-controlled
acousto-optical tunable filter (AOTF, Fianium). Samples were excited at 514 nm and fluorescence
lifetimes were recorded when monitoring at 580 nm. The excitation rate was 40 MHz, and the
detection frequency was less than 400 kHz. Photons were collected at the magic angle. The
fluorescence decay traces were fitted to exponential decay functions using FluoFit (Picogquant)
software. The samples (200 pL in volume) contained 200 nM Cy3-tagged RNA constructs in

imaging buffer in a small volume quartz cuvette (400 pL, 3 mm path length).

5.6.1.3.3 Transient absorption laser flash photolysis measurements
Experiments were conducted using a laser flash photolysis setup (Luzchem). The second harmonic

of a Nd:YAG (Continuum Surelite CLII-10, 10 Hz, 450 mJ at 1064 nm) laser was used for
excitation at a wavelength of 532 nm. 10 mJ laser pulses were used with a pulse width of 6 ns. A
150 W Xe lamp was used as the probe beam. The detector consisted of a photomultiplier tube
(PMT) connected to a digital oscilloscope (Tektronix TDS2012). All data was collected via the
commercially available LFP 7.0 software (Luzchem). Samples containing Cy3 at a concentration
of approximately ~2 uM were prepared either in water or glycerol. All samples were prepared
freshly in 10 x 10 mm quartz cells. A minimum of 10 laser shots were averaged to obtain the
temporal evolution of AOD for the various transient species monitored. In turn, a minimum of 3
laser shots were averaged per wavelength interval for obtaining the transient absorption spectra.
The time per division recorded by the detector was 2.5 pus (25 us total). AOD vs time traces were

fitted to monoexponential functions using OriginPro 8.5 to obtain transient lifetimes.

5.6.1.4 Preparation of RNA-DNA Duplexes

The RNA-DNA duplexes were annealed from biotinylated 18mers (ACC TCG CGA CCG TCG
CCA-biotin) and dye/RX sequences (see Figure 5.5). Oligonucleotides were purified through
HPLC by the provider. To enable surface immobilization of the DNA/RNA duplex, the 3’ end of
the DNA strand was attached to a biotin moiety. The duplexes were annealed by mixing 2.5 um
of both DNA and RNA strands in an annealing buffer (50 mM Tris—HCI, 50 mM NaCl, pH ~ 8.0)
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and then incubating the mixture in a thermal cycler at 95 °C for 2 min and gradually (2 °C/min)
cooling it to 25 °C. The duplex formation was confirmed using 10% native polyacrylamide gel
electrophoresis.

5.6.2 Chemical structures and Oligonucleotides Sequences

7
b NH, J—/ o
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0
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o oH s

Figure 5.5. Dye and biotin modifications utilized. Chemical structure of the dye conjugates
utilized, Cy3 appears in green. Conjugate (a) utilized in R3, is a cytidylate terminated 3> overhang
with Cy3 tethered to the phosphate at position 3’ of the ribose via a succinimide linker. Conjugate
(b) utilized in RZ, is an internal Cy3 tethered to the phosphate backbone (internal amidite).
Structure (c) shows the biotin conjugation at the 3’ end of the DNA strand.

Table 5.2. Sequences for all the oligomers used.

Name Sequences (5°-3’)
Bio — Dg ACCTCGCGACCGTCGCCA /3Bio/ (IDT)
D, GGAGAGAAAAGGAAACCGTT (IDT)
RS UGGCGACGGUCGCGAGGUAACGGUUUCCUUUUCUCUCC  (C6-
20 NH) (Cy3) (TriLink)
o UGGCGACGGUCGCGAGGUAACGGUUUCCUUUUCUCUC-(Cy3)-C
20 (TriLink)
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5.6.3 Test and calibration of Cy3 and Cy3-tagged RNA strands

5.6.3.1 Cy3 is unable to undergo photoisomerization in glycerol

In order to set the upper limit of the fluorescence quantum yield of Cy3 (i.e. when Cy3 is unable
to undergo trans-cis isomerization in the excited state), we tested the use of glycerol as it provides
a highly viscous environment (~1000 cp) compare to water (~1 cp). Transient absorption LFP
studies showed that, in water, Cy3 can effectively undergo trans-cis photoisomerization Figure
5.6 (panels a, b, and c). However, no photoisomerization is detected when glycerol is used as
solvent Figure 5.6 (panels d, e, and f). Upon excitation, the cis-Cy3 transient absorption spectra
can be observed at ~568 nm. The depletion of the ground state of Cy3 can be observed as a negative
band centered at ~548 nm. The temporal evolution of cis-Cy3 and Cy3 ground state can be
followed at 568 and 548 nm, respectively. Figure 5.6¢ shows that as the cis form of Cy3 decays,
the trans form is recovered. When glycerol is used as a solvent, a null transient absorption is
obtained (Figure 5.6e and f) suggesting that the fluorescence quantum yield of Cy3 measured in
glycerol can be used as the upper limit of PIFE.
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Figure 5.6. Mechanism of Cy3 photoisomerization (left panels), transient absorption spectra
(middle panels), and temporal evolution of AOD traces recorded at 548 and 568 nm (right

panels). LFP studies were performed in air-equilibrated solutions of water (top) and glycerol
(bottom) containing ~2 uM of Cy3. After excitation in water, cis photoisomer can be observed
formed within the laser pulse, where its decay profile may be followed at 568 nm (b, ¢). Over time,
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concomitant with the decay of the cis form of Cy3 (t = 3.7 £ 0.2 ps), the ground state of Cy3 is
recovered (548 nm) (t = 3.5 £ 0.2 ps). After excitation in glycerol, the formation of the cis
photoisomer was not detected at 568 nm (e, f).

5.6.3.2 Solvent, labeling strategy, and magnesium effect on the photophysical properties of
Cy3

In order to calibrate our system as well as to find the most sensitive Cy3-labeled oligonucleotide
to be used in sSmPIFE studies, we studied the photophysical properties of Cy3 (fluorescence
quantum yield @ and fluorescence lifetime t;) under different conditions (Figure 5.7). Note that
similar trends were found when measuring the fluorescence emission decay lifetimes t (Figure
5.7a) and the fluorescence emission quantum yields @, (Figure 5.7b. We thus focus the analysis
on the values of ®;. The @ values we recorded for Cy3 in agueous solution (imaging buffer) and
glycerol were 0.04 and 0.43, respectively. Accordingly, the maximum possible enhancement
(dynamic range) of Cy3 in PIFE experiments is ~10-fold. However, it has been previously reported
that the @, of Cy3 is dependent on the oligonucleotide sequence utilized as well as on the strategy
and position utilized to label the oligonucleotide.®® >° Therefore, we compared two labeled
sequences (R4, and R5,) we previously utilized to study NS5B, for maximum sensitivity.®* The
@, of Cy3 increased in both constructs when compared to free dye, however, the increase was
larger for R4, compared to R5, (@ = 0.15 and 0.09, respectively). Accordingly, under normal
buffer conditions (absence of Mg?* ions), the theoretical maximum enhancements for R4, and R5,
are 2.9-fold and 4.8-fold, respectively. These results suggest that R3, is more sensitive than R,

for PIFE experiments.

We additionally tested the effect of magnesium ions on the photophysical properties of RNA
bound Cy3. The @, of Cy3 was increased in Rz, by 1.7-fold and in R3, by 1.4-fold when these
constructs are solubilized in imaging buffer containing 91 mM of Mg?* ions. The theoretical
maximum enhancements for R%, and R5, are thus decreased to values of 1.6-fold and 3.3-fold,
respectively. These results underscore that R, is more sensitive than R5° for PIFE experiments.

Accordingly, smPIFE experiments in this study were carried out using the R3, strand.
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Figure 5.7. Cy3 calibration via lifetime and fluorescence quantum vyield. Photophysical
properties such as lifetimes (a) and fluorescence quantum yield of Cy3. Fluorescence
measurements of Cy3 (free in solution) were performed in aqueous buffer and glycerol. The
fluorescence of Cy3 on R4, and R5, strands was studied in buffer in the absence and presence of
91 mM of Mg?* ions.

5.6.3.3 Magnesium effect on the fluorescence of Cy3 R20®

Bulk steady-state fluorescence experiments were performed to study the fluorescence
enhancement of Cy3-R5, as a function of Mg?" concentration (Figure 5.8). Single molecule
enhancements (~1.4 under saturation conditions) are in agreement with ensemble studies, see
Figure 5.9. The fluorescence of Cy3-R5, was initially monitored in buffer solution (Hepes 10 mM,
pH 7.3, and NaCl 20 mM). The same buffer solution was flown in real time into the single molecule

chamber, however, now supplemented with 10 mM Mg?*.
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Figure 5.8. Mg?*-induced fluorescence enhancement of Cy3-Rz2oSvisualized at the ensemble
level. Aqueous solutions (Hepes 10 mM, pH 7.3, and NaCl 20 mM) containing different
concentrations of Mg?* up to 91 mM were used to monitor the fluorescence enhancement of Cy3-
R5, induced by Mg?* binding to ssSRNA.
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Figure 5.9. Mg?*-induced fluorescence enhancement of Cy3-R20° visualized at the single
molecule level. Cy3-R5, was initially immersed in buffer (Hepes 10 mM, pH 7.3, and NaCl 20
mM). Following initiation of the imaging experiment, the buffer solution now supplemented with
10 mM of Mg?* was flown into the chamber at a rate of 10 pL/min to monitor the changes in
fluorescence intensity of Cy3-R5,,.
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5.6.3.4 Hybridization of Cy3-R20°.

a b
5
F
L~

Figure 5.10. Full hybridization (20nt) of Cy3-R20° visualized at the single molecule level. (a)
Scheme of the hybridization process. Strands in pink, black, and blue represent DNA, initially
hybridized RNA, and initially non-hybridized RNA, respectively. (b) Single-molecule trajectory
showing real-time hybridization and its enhancement.
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5.6.4 Cumulative Distribution Function

We have found that the distribution of bound times is better adjusted through a biexponential
function rather than a mono-exponential one. The normalized bi-exponential distribution P(t) can
be expressed as shown in equation 5.1. Here, a; 7, + @,7, = 1 and the fractional contributions f;
and f, can be calculated as shown in equations 5.2 and 5.3. The cumulative distribution function
cdf (t) (equation 5.4), can be derived by integrating equation 5.1. The cumulative distribution
function is more convenient to use when average times are too different as it circumvents the

problem of data binning.

P(t) = ale_% + aze_% (5.1)
fi=a1q (5.2)

f2 = az1, (5.3)

cdf () =1~ (fie ™ + fye ) (54)
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6 Conclusions and Future Work

6.1 Conclusions

Single molecule fluorescence (SMF) microscopy techniques have allowed for the study of the
dynamics and structure of the microscopic and nanoscopic world. SMF techniques allow
unprecedented spatiotemporal resolution and are particularly powerful for the study of
heterogeneous and unsynchronized systems, revealing unique information otherwise hidden in

traditional ensemble measurements.

In this work we studied several mechanistic aspects related to single molecule fluorescence
spectroscopy and its applications to biology. We started covering important photophysical
processes associated to widely used single molecule techniques such as FRET and PIFE. We next
continued with a photochemical study of cyanine dyes in the presence of thiol bearing compounds.
We then explored improvements to the surface chemistry associated with the passivation of glass
coverslips used in single molecule assays. Finally, we provided an example of how single molecule
techniques allow us to extract relevant biophysical information of a bionanomachine involved in
the viral replication of the Hepatitis C Virus (HCV).

In Chapter 2, through the evaluation of the probability of photophysical and photochemical
competing pathways, we provided a theoretical framework establishing the compatibility of two
single molecule techniques, smPIFE and FRET. We also studied how to quantify conformational
changes in single molecule studies when both sSmPIFE and FRET processes are at play. In doing
so, we demystified the idea that PIFE and FRET are incompatible techniques. We first
demonstrated that through a ratiometric method FRET can be reliably measured in the presence of
PIFE, or in the presence of any intensity fluctuation in the donor dye. Furthermore, we showed
that changes in the fluorescence quantum yield of the donor (e.g. protein induced fluorescence

enhancement) can be extracted in a FRET experiment. Thus, PIFE and FRET methods can be
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combined, providing complementary information in a single experiment. A new method, intensity-
FRET, was proposed to monitor conformational changes spanning from angstroms to nanometers.
Unifying FRET and PIFE extends the molecular ruler in doubly labeled substrates to sub
nanometer interaction studies. Our analysis shed light on the effects that protein or environmental
effects can have on single molecule FRET studies. Using these analysis methods, it may be
possible to revisit previously acquired data in order to retrieve PIFE results from existing single
molecule donor-acceptor intensity trajectories recorded with Cy3 and ATTO647N dyes, a popular
donor-acceptor pair used in single molecule FRET studies.

In Chapter 3, we reported a detailed understanding of the thiolate-induced photoswitching of
cyanine dyes. This work provides a roadmap for the design of fluorophores, photoswitching
agents, and triplet quenchers with desired characteristics in terms of enhanced photostability and
controllable photoswitching. The photochemical mechanism we reported provides guidelines
towards better photochemical control of currently used dye/thiol pairs, including photoswitching
rates and enhanced photon budgets. Overall, by combining traditional bulk time-resolved transient
studies and single molecule mechanistic studies, we were able to gain fundamental mechanistic
insight. Our results present a fascinating picture of how seemingly minor/unimportant
photochemical reactions become prominent at the high excitation rate conditions prevailing in

single molecule studies.

In Chapter 4, we tackled a major hurdle in SMS techniques involving the reliability of passivated
glass surfaces, where substrates are immobilized and studied. Such passivation is critical to
minimize non-specific interactions. We provided a novel and efficient methodology relying on
PEG-silane chemistry for the passivation of glass surfaces. The methodology is rooted in the
mechanistic understanding of the silane reaction with the silanol groups on the glass surface. Single
molecule fluorescence studies with fluorescently tagged proteins and DNA on PEG-silane
functionalized glass surfaces were reported. We benchmarked our surfaces against the currently
used method in most single molecule fluorescence studies which involves two-step
aminosilanization followed by covalent tethering the PEG to the surface. Our results showed
improved performance in terms of lower non-specific interactions, and excellent reproducibility.
Additionally, key advantages of our method are speed (~15 minutes as compared to several hours
for previous methods), robustness, sustainability, and lack of undesired detergent-biomolecule
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interactions observed in what is to date the best reported surface, involving tween-20/BSA
passivation. Our work ultimately provides a simple, cost-effective, and environmentally benign
approach suitable for use in biological settings, towards rendering glass surfaces for single

molecule/particle studies with superior surface passivation.

In chapter 5 we reported an smPIFE platform to study the mechanism of the viral replication
machinery of the Hepatitis C virus (HCV). The non-structural 5B (NS5B) polymerase of HCV has
been reported to initiate synthesis de novo through a primer independent mechanism. The dynamic
process of how this protein locates the 3’-terminus of the RNA template remains an unsolved
question. Through smPIFE studies, we reported key aspects of the early steps of the novo synthesis
such as NS5B binding to (and sliding along) its single stranded RNA substrate. Magnesium ions
were found to modulate NS5B dynamic behaviour. In the absence of Mg?* ions, upon binding,
NS5B slowly slides along the ssSRNA template. However, in the presence of Mg?* ions NS5B can
rapidly slide along the RNA backbone. Addition of NTPs as well as GpG primer, has a marginal
effect in the dynamics of NS5B in terms of sliding and the ability to bind ssSRNA. We noted that
the smPIFE platform reported herein can be used as a strategy for the rapid screening of drugs
designed to interfere with the binding and sliding of NS5B and related polymerases found within

the Flaviviridae family.

Overall, the work reported in this thesis, through mechanistic analyses, provides new insights on
most aspects of SMF techniques such as sample preparation (chapter 4), fluorescence signal
control (chapter 3), and data analysis (chapter 2). Additionally, it provides an example of the
power of SMS to study relevant biomolecular mechanisms such as the replication machinery of

viruses.
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6.2 Future work and Future Directions

6.2.1 A Methodology to Predict PeT Rate Constants of Potential
Photostabilizers and Photoswitching Agents

In chapter 3, we established the unifying elements existing between the mechanisms underlying
photostability and photoswitching of cyanine dyes in the presence of thiols. We found that an
efficient PeT rate constant (kp,r) is crucial for both photostability and photoswitching. In the quest
for improved photostabilizers and photoswitching agents, however, a strategy to accurately predict

kper is still missing.

We propose a theoretical-empirical strategy to predict kp. computationally. On the one hand,
experimental kp.r can be measured via transient absorption laser flash photolysis (LFP)
spectroscopy. On the other hand, activation energies of PeT (AGZ.r) can be calculated using the
Marcus theory of electron transfer (see section 1.2.4.2). Here, AGZ,r can be calculated from the
Gibbs free energy of reaction for photoinduced electron transfer (AGp.r) and the reorganization
energy (4) of PeT. AGg. and A can in turn be computationally obtained via DFT calculations (see
section 3.6.1.4). Experimental values for kp.r, We reason, can be next correlated with AGZ,; for
several dye-quencher pairs to obtain a calibration curve enabling gaging the protective role
different triplet quenchers may play in ingle molecule fluorescence studies, based on the estimated
rates of PeT. We propose to use 16 dye-quencher combinations based on the most utilized cyanines
dyes (Cy3, Cy3B, Cy5, Cy5B) and PeT-based reducing agents (n-PG, AA, TX, and B-ME).

A second crucial step to both photostability and photoswitching is the efficient triplet to singlet
ISC of the newly formed geminate radical pair (GRP). Here, the thiyl radical of B-ME is
particularly efficient toward this purpose (see chapter 3).12 Thus, we suggest that thiol-containing
compounds, able to form thiyl radicals upon PeT, should be screened. We also suggest that the
search should not only focus on enhanced kp. values, but also for low vapor pressure (reduced
malodor) and lower pKa values (increased thiol acidity) ensuring there is a larger tendency toward

dissociation for new thiol based compounds.

The proposed theoretical-empirical strategy to predict kp.;, When applied to screen thiol-
containing molecules, has the potential to identify better photostabilizers as well as photoswitching
agents. We anticipate that improved photostabilizers and photoswitching agents will maximize the
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photon budget and allow for a better control of photoswitching kinetics of dyes utilized in single-

molecule fluorescence imaging.

6.2.2 A methodology to improving both the performance and shelf life of
passivated surfaces

In chapter 4, we described an improved methodology to passivate glass surfaces utilizing PEG
polymers. Our strategy offers in most of the cases decreased nonspecific binding, shorter
preparation times, and reduced variability. However, we noticed that independently of the PEG-
based methodology utilized to passivate the surfaces, inherent hydrophobic imperfections in the
glass slides limit the performance of the surfaces. This is particularly important for single molecule
studies requiring high concentrations of labelled substrates. In agreement with previous reports,
we showed that incubation of solutions (1%) containing the detergent Tween 20 (T20), can further

improve the quality of the surfaces, especially when working with proteins.3*

A limitation of the methods involving PEG is the short shelf life of the passivated surface. Here,
as we have observed, imperfections appearing as micron-sized cracks in the surface limit their
shelf life to typically less than a week. We hypothesize that this is due to loss of the remaining
solvent occluded in the polymer layer, which likely decreases the effective melting temperature of
the polymer (PEG 5000, Tm ~ 60 °C).

We propose to use low molecular weights molecules as plasticizers to increase the shelf life of
passivated surfaces. Here PEG molecules of lower molecular weight (for example PEG 400, Tm ~
6 °C) may serve to this purpose. In this context, T20 may play a dual role, acting not only as an
inhibitor of nonspecific binding but also as a plasticizer. The main challenge we foresee in testing

plasticizers is that they must be water free.

6.2.3 Further Studies on the Replication Machinery of HCV and the
Flaviviridae family

6.2.3.1 PIFE studies on NS5B in the presence of Manganese

In chapter 5, we provided new insights on the binding and sliding dynamics of NS5B and its RNA
substrate via SmPIFE. Under our working conditions (5 mM Mg?*), we were not able to detect de
novo initiation. It has been shown that RNA synthesis is increased by 4-20 fold in the presence of

203



Mechanisms in Single Molecule Fluorescence Imaging: from Photophysics to Biological Applications

Mn?* 56 and that Mn?* is preferred for de novo initiation.”® We posit then that the addition of Mn?*

will allow us to visualize de novo initiation.

The addition of Mn?* brings new challenges as it has been reported to induce blinking and
photobleaching of Cy3.° We postulate that there may be a compromise when adding Mn?*. This
IS, a concentration high enough to induce de novo synthesis while not inducing significant blinking

and photobleaching.

6.2.3.2 I-FRET Assay with Enzymes from the HCV Family

In chapter 2, we provided a framework to combine two widely used single molecule techniques:
smPIFE and smFRET. While in chapter 5, we studied the dynamics of NS5B binding to (and
sliding along) its RNA substrate via SmPIFE. Given that PIFE technique is generally insensitive
to distances larger than ~3 nm, this technique only offers a limited range of protein visualization
relative to the labeling site in the oligonucleotide. This short-range sensitivity range can hinder a
proper analysis of a protein-oligonucleotide system. The intensity signal of a protein moving
further form the oligonucleotide labeling site will not be distinguished from protein unbinding.

Here a labeled protein could serve as a marker to differentiate these two events.

In order to obtain an extended description of the dynamics of protein-oligonucleotide interaction,
we propose to study Cy5-labeled NS5B as well as other oligonucleotide binding proteins of the
HCV family such as NS3h.1%!! In collaboration with the Pezacki and Goétte groups we have
recently reported a site-specific strategy to effectively label NS3h, a strategy that can be extended
to NS5B.1! I-FRET may reveal new insights on the dynamic working mechanism of enzymes
binding to oligonucleotides, specifically those requiring the tracking of changes in distances

spanning from angstroms to nanometers.

6.2.4 Rapid screening of drugs targeting polymerases and helicases

We note that the smPIFE platform reported herein provides the scaffold for the development of
assays with the potential to identify compounds that interfere with the dynamic behavior of viral
polymerases and/or helicases in general. As such, we expect our findings to impact the study of
other diseases beyond HCV.
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After establishing the working mechanism of NS5B and other HCV-related RNA binding proteins,
we propose extending the mechanistic studies to other viral proteins within the Flaviviridae family
such as the Zika Virus (ZIKV). A similar single molecule platform can be used as a strategy for
the rapid screening of drugs designed to interfere with the binding and sliding of the NS5B of the
Zika Virus. The proposed strategy will greatly benefit from elements of automation in terms of
surface immobilization and flowing of enzymes through a computer-controlled microfluidics
system. Additionally, data analysis can be in part simplified by using an adapted version of a
recently reported method for image correlation for high-throughput and rapid analysis of single
molecule data, published in collaboration with the Wiseman group.*? Here, drugs interfering with
the binding and sliding of NS5B will render different dissociation and association rates as well as
different fluorescent signal patterns arising from sliding.

6.2.5 Studies on PIFE fundamentals for a potentially improved technique

In chapter 5, we used a Cy3 fluorophore as reporter for the smPIFE assay. Prior to single molecule
experiments, we calibrated the system via steady state ensemble fluorescence measurements. We
found that the maximum fluorescence enhancement was expected to be ~3.3-fold. However, some
binding events exhibited enhancements of up to 7-fold, suggesting that Cy3 bears a higher dynamic

range than the one obtained from our calibration.
In order to elucidate this puzzling result, we propose two hypotheses to be tested:
1. A protein induced red-shift absorption spectrum.

This hypothesis is based on preliminary results that show that when a 532 nm, instead of a 561
nm, laser beam is utilized, the average enhancement recorded upon NS5B binding in the presence
of Mg?* is ~1.5-fold instead of ~3.3-fold. A 561 nm laser beam excites the red edge of Cy3
absorption spectrum. As such, a protein induced red shift in the spectrum would increase the
excitation rate of Cy3, effectively enhancing the fluorescence through an increase in its excitation

rate.
2. The upper limit of fluorescence quantum yield of Cy3 is higher than in glycerol

This hypothesis is based on the fact that Cy3B, the locked analog of Cy3, has been reported to
have a fluorescence quantum yield of 0.67,'2 higher than the 0.43 measured for Cy3 in glycerol.
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Then, it is possible that Cy3, in the absence of rotation, bears a fluorescence quantum yield higher
than 0.43. We suggest measuring the fluorescence of Cy3 in vitrified solutions to verify if the

fluorescence intensity can be further enhanced.

The additional enhancement of Cy3 can be explained by either of these hypotheses or possibly a
combination of both. Further investigations on this serendipitous finding may offer the opportunity
to increase the sensitivity of PIFE experiments. Systems containing proteins that produce low

enhancements on Cy3 will certainly benefit from a PIFE technique with enhanced sensitivity.
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6.3 Publications Resulting from the Thesis Work and

Collaborations

Avrticle 1 will be submitted. Article 2 has been submitted. Articles 3-4 were published as part of

this thesis. Co-authored articles 5-9 were published during the thesis period but are not included

in this thesis.
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