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Abstract

In the last 15 years, single molecule techniques have allowed us to observe the
transient, heterogeneous, and multi-step behavior of biomolecules often averaged out and lost
in ensemble assays. Helicases form a ubiquitous class of enzymes that function in many aspects
of nucleic acid metabolism which is central to life. We used single molecule Forster resonance
energy transfer (FRET) and optical tweezers force spectroscopy to study translocation and
unwinding mechanism of Escherichia coli Rep, a model helicase with 3’5’ motor translocation
activity on single-stranded DNA (ssDNA) fueled by ATP hydrolysis. When a translocating Rep on
a 3’-overhang DNA reaches the DNA duplex junction, instead of dissociating, it snaps back to the
3’ end, restarting another shuttling cycle. We investigated the mechanism of repetitive shuttling
and discovered the same behavior on various DNA substrates. We concluded that the
repetitions are induced by the lack of ssDNA track ahead of the Rep. Using the repetitive
shuttling assay, we explored the translocation mechanism of Rep in detail. First, we perturbed
the ssDNA binding network via biochemical mutations that led to determination of the key
residues that control shuttling speed, ATPase activity, and directionality. Second, we tested the
effects of the DNA lesions on Rep translocation, observing that the irregularities encompassing
1-3 nucleotides in the backbone and nucleobases only caused transient stalls. To probe the
unwinding mechanism, we developed a conformational control assay which turned wild type
Rep monomers with no detectable DNA unwinding activity into super-helicases (Rep-X) via
internal covalent crosslinking. Rep-X can unwind thousands of base pairs processively even
against large forces. We also showed that partner proteins of a similar enzyme turn on the
unwinding activity by stabilizing the active form. Lastly, the orientation dependence of FRET is
experimentally shown between nucleic acid conjugated cyanine fluorophores that constitutes
the first demonstration of this effect in a biophysical system since its formulation by Theodor

Forster in 1948.
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Chapter 1. Introduction to single
molecule biophysics and helicases

In order to understand biological phenomena, and how life works, there is a great need
to look at their main components, such as proteins, DNA, RNA, etc., in detail. A living cell is the
least understood complex system, despite the great scientific and technological advances of our
age. What is hidden from our sight is tremendous compared to what we know, because we are
yet to probe the mechanisms, functions and interactions of many biomolecules, mainly the
proteins and the complex, adaptive and intelligent systems they form. These macromolecules
often exhibit conformational changes, transient interactions, complex behaviors that can be
easily missed in ensemble and bulk experiments performed in tubes. In contrast, single molecule
biophysics has enabled us to look at these phenomena in detail within the last 15 years, filling
the information gap and promising advancements, such as ability to monitor and manipulate

biomolecules in vitro, in situ and in vivo.

In this chapter, | will first introduce the single molecules techniques | have used in my
research, namely the single molecule fluorescence (or Forster) resonance energy transfer
(FRET), total internal reflection fluorescence (TIRF) microscopy and optical tweezers force
spectroscopy, their capabilities, and the advantages they provide over bulk methods. Secondly, |
will present an introduction of the main biomolecular motor protein | have focused during my
PhD research, a model superfamily 1 helicase, Escherichia coli Rep, and the aspects of it that we
studied; the helicase enzyme that unwinds double-stranded DNA (dsDNA) and the translocase
that tracks single-stranded DNA (ssDNA). Lastly, | will give an overview of how we bioengineered

super-active helicases by conformational control.

1.1 Single molecule vs ensemble methods

Ensemble techniques are essential and valuable tools. However, single molecule
techniques allow us to distinguish subpopulations of different dynamics and behaviors that are
often averaged out in ensemble measurements, resulting in over/underestimated parameters of
biomolecules. A good example of this is how single molecule measurements revealed that PcrA
helicase, a homolog of Rep, takes 1 nucleotide (nt) steps along the ssDNA during translocation

as indicated by structural biology studies. In contrast, the ensemble kinetic studies, such as



stopped-flow techniques predicted that the kinetic step size of PcrA like helicases 3-6 nt. This
long standing debate of kinetic step size of helicase proteins for the ssDNA translocation and
dsDNA unwinding was resolved by measuring the period of shuttling for an individual helicase
molecule on a certain length of ssDNA track (40-100 nt) several hundred times (1). Gamma
distribution fit of the periods of this multistep Poissonian event from individual PcrA molecules
revealed that the numbers of rate limiting steps are equal to the number of nucleotides in the
ssDNA track. This result effectively proved single nucleotide step size for this class of helicases. It
also showed, as it was shown over and over in many other single molecule studies of proteins,
that these macromolecules are inherently heterogeneous in their dynamics, kinetics, reaction
rates, etc. The PcrA study concluded that ensemble averaging of heterogeneous quantities can

cause overestimated step sizes, which explains the results of ensemble methods.
1.2 Single molecule fluorescence resonance energy

transfer (smFRET) microscopy

FRET is a non-radiative energy transfer phenomenon between two fluorophore
molecules, a donor-acceptor pair. After the donor is excited by a photon, for example by laser
source, electronic energy state is converted from a singlet ground state (S,) to an excited
electronic singlet state (Si1). S, and S; states are comprised of multiple of vibrational energy
levels which determines the excitation and emission spectra of the fluorophore. The absorption
occurs very quickly and on the order of 10™ s, if no other interacting fluorophores, such as an
acceptor molecule present, the donor dissipates the energy and return to S, (after a
fluorescence lifetime of T =10°-107 s) usually via thermal relaxations and a photon emission.
Energy lost in the internal heat conversion leads to a red-shift in the emission spectrum
compared to the absorption spectrum of the molecule (Stokes shift ref2). There are also non-
radiative relaxation pathways that limit the number of photons generated per excitation
photon, a ratio of which is defined as quantum vyield (®) of the fluorophore. A good fluorophore

for single molecule FRET experiments should have a relatively high ©.

FRET occurs as another non-radiative energy transfer pathway for the donor in the
presence of a nearby acceptor fluorophore. Dipole-dipole coupling between S, states of the
donor to the acceptor allows energy to be transferred to the acceptor S; state, resulting in

acceptor emission, which is further red-shifted. This interaction is first characterized by T.



Forster in 1948, as the dipole-dipole interaction of the S; electronic states between the
fluorophore pair. He formulated that the FRET efficiency, Eger, i.€. the ratio of the acceptor

emission due to FRET to total emission intensities of donor and accepter molecules,

E _ ] Acceptor
FRET —
[ Donor + I Acceptor

has a distance dependence in the following form (2):

1

where the R, is the Forster radius at which point the Egzris 0.5, and it is specific to the FRET pair

FRET

(Figure 1.1). R, is usually in the 2-9 nm range, for example R, for Cy3-Cy5 pair, two well-known
cyanine fluorophores, is about 5-6 nm. Hence the Egxer is sensitive to the changes in R within 3-8
nm range which provides a suitable nano-ruler that can measure the distance and size in many

biomolecular reactions and structures, such as DNA-protein interactions.

One of the features of the FRET is its dependence on the relative orientation of the
donor and the acceptor, and it is one of the parameters in R, (see Chapter 4, for the background
theory). In most experimental cases, fast rotational thermal fluctuations average out this
dependence. However the local environment of the conjugated fluorophores can restrict the
rotational fluctuations of both fluorophores. In such cases, Erzer can deviate from the widely
used fluctuation averaged values, solely due to fixed orientation. In Chapter 4, we demonstrate

this effect on DNA conjugated Cy3-Cy5 pair.

Single molecule fluorescence studies require reduced the background to obtain good
signal to noise ratio from single molecule emissions. This is accomplished by only exciting a small
volume of the sample, using techniques such as total internal reflection (TIR). In TIR, the
excitation laser beam is reflected from the interface between glass/quartz and aqueous
medium, creating an approximately 100-200 nm thick evanescent excitation field in the aqueous
medium. Thus only the molecules tethered to the solid surface or trapped in this excitation layer
are excited, and the background is dramatically minimized. There are basically two experimental
designs for TIR fluorescence microscopy, an objective based or prism based TIR microscope

(Figure 1.2, Figure 1.3). The idea of using total internal reflection to illuminate cells contacting



the surface of glass was first described by Ambrose in 1956 (3). It was then extended by Daniel

Axelrod in early 1980s (4).
1.3 Single molecule force spectroscopy, optical

tweezers

SmFRET is a powerful tool, but it has limitations, for example the scales outside 2 -8 nm
are inaccessible. The optical tweezers on the other hand can access to ranges from 1 A to many
microns, at high time resolutions in sub-millisecond (5). In addition to high spatiotemporal
resolution, biomolecules can be studied under applied force approximately in the range of 1-250
pN which is advantageous compared to AFMs because of the low force regimes of biomolecules
that AFMs cannot access. The optical tweezers utilize momentum of tightly focused laser light to
trap micron-sized dielectric beads. A polystyrene bead placed at the focal point will be in a 3-
dimesional potential well (6) which act as a Hookean spring that can used to manipulate
macromolecules, such as DNA, protein, viruses, etc. Some of the examples are studies of nucleic
acids structures such as hairpins, ribozymes and G-quadruplex (7, 8), and various DNA-binding
proteins such as RecA (9-11), SSBs (12) and others (13). We used it to monitor the DNA

unwinding of Rep, PcrA and their bioengineered versions in Chapter 3.

1.4 Introduction to Helicases

Helicases derive their name from the catalytic ability to separate energetically stable
double helix structure of DNA into two complementary single stranded components. They form
a large class of motor proteins that utilize the energy from hydrolysis of nucleotide
triphosphates (NTP), to unwind double stranded (ds) nucleic acids (DNA, RNA) (14-16) and to
translocate on ssDNA processively (17). These enzymes function in all aspects of nucleic acid
metabolism including replication, repair, recombination, chromatin remodeling, removal of
proteins from DNA and RNA, propagation of Holliday junctions, bacterial conjugation,
transcription termination, and others (14, 15, 18-28). Helicases are abundant in all living

organisms, and comprise the 1-2% of the whole genomic composition.

Understanding the helicase mechanism is essential to characterize nucleic acid
metabolism in cell. They are also an important class of enzymes for medical research. Many

diseases are attributed to mutations in helicases, such as Werner’'s syndrome, Xeroderma



pigmentosum (XP), Bloom's syndrome, Cockayne's syndrome, tricothiodystrophym, thalassemia,
mental retardation, premature aging and increased propensity to cancer (29-34). These
biomedical consequences of genetic helicase deficiencies and defects in cancer and hereditary
diseases, as well as being potential drug targets have brought great attention to helicase

studies.

1.5 Unwinding and translocase function of helicases

Some helicases can unwind DNA with very high speeds that is in range of progression
speed of replication fork (500-1000 bp/s) (35). However, many non-hexameric helicases have
slower unwinding rates (30-300 bp/s). These helicases also have very short unwinding
processivity. Hence it has been proposed that the translocase activity of these motor proteins
can be the main function in vivo, since they cannot effectively unwind DNA on their own.
Translocation of a helicase, as in the unwinding activity, is coupled to binding and hydrolysis of
NTP, which is mainly ATP, and subsequent release of by products, NDP and inorganic phosphate
(Pi) (14, 36-39).

Most DNA helicases have specific binding orientation to ssDNA, which results in
polarized translocation upon ATP hydrolysis. Even though crystal structures have provided great
insight, single molecule experiments can shed considerable light on detailed aspects of

translocation mechanism and how it relates to unwinding of nucleic acid duplexes.

Some helicases form a hexameric ring around the DNA, such as replicative helicases,
DnaB or MCM, whereas others work as monomers or homo/hetero oligomers, for example,

bacterial helicases, Rep, PcrA and UvrD (14, 37, 38, 40, 41).

1.6 Helicase superfamilies

Helicases are grouped in different ways, for example, according to the conserved
sequential motifs, directionality, substrate type, etc. Main classes of helicases are called
superfamilies, namely, superfamily 1, 2, 3, 4 and 5, or in short, SF1, SF2, SF3, SF4 and SF5
according to the aminoacid sequence and conserved folds based on Gorbelenya’s work (42).
Gorbelenya’s method defines seven conserved sequence motifs that are the basis of the two
largest superfamilies, SF1 and SF2. Figure 1.4 shows the location of these motifs on a SF1

helicase, Rep from E. coli. Main structural feature of these two superfamilies is the two RecA like



folds that act as the motor domains (RecA is a ubiquitous homologous recombination protein in
E. coli). Outer surface of these motor domains contain the ssDNA binding motifs. The cleft
formed between them has the motifs that bind and hydrolyze nucleotide triphosphates, such as
ATP. These ATP binding motifs are famously referred as Walker motifs. Among the examples of
SF1 helicases are E. coli Rep, UvrD, RecB, RecD, B. stearothermophilus PcrA, and some viral
examples such as T4 Dda, HSV-1 UL5. Famous examples of SF2 helicases are E. coli PriA, human
RecQ helicases such as BLM and WRN, elF-4A, and NS3 helicase from Hepatitis C virus. SF3
helicases are only identified by three conserved motifs. SF4 and SF5 are rather small families of
hexameric helicases. They form a hexameric ring around the ssDNA/RNA during their activity.
SF4 hexameric helicases contain five conserved motifs and carry a DNA primase domain. SF5

hexameric helicases have structures homologous to F-1 ATPase (42).

1.7 E. coli Rep, a superfamily 1 DNA helicase

The E. coli Rep has 673 amino acid long single-chain protein with 76.4 kD size (43-45).
There are about 50 copies per E. coli cell (46). Rep is not an essential protein for E. coli,
genotypes of rep knockout exhibit slow replication fork progression coupled with increased
number of replication stalls (19, 45, 47, 48). Rep has been shown to interact with DnaB, the
main replicative helicase of E. coli, and seemed to facilitate uninterrupted progression of
replication fork (49-51). In a similar work it was also shown that where DnaB helicase is unable
to dislodge a downstream Lac repressor, Rep can easily bypass the Lac repressor(52). These
observations may explain the frequent pauses at the replication fork in E. coli rep mutants when
the replication fork encounters protein-DNA complexes. It has been proposed that Rep

facilitates the progression of the replication fork by dislodging DNA-bound proteins (53, 54).

Rep is a model superfamily 1 (SF1) helicase with a 3’ to 5’ ssDNA translocation activity.
This behavior is shared by UvrD and PcrA which are also SF1 helicases (55-60). Rep has an
extensive structure (90%) and sequence homology (40%) with E. coli UvrD and B.
stearothermophilus PcrA (61-63). It functions in restarting the stalled replication processes and

unwinding of several phages such as $X174, M13, P2, etc. (19, 64-66).
1.8 Unwinding activity of Rep helicase

Rep, PcrA and UvrD are poor DNA unwinders; a detectable activity occurring only at high

concentrations (> 10 nM) in vitro. Furthermore, none of these homologous helicases possess
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unwinding processivity above 200-300 bp in even higher saturated concentrations, and they do
not exhibit any detectable helicase activity in monomeric form in vitro (40, 55, 59, 67). They
require association with other partner proteins to turn into processive helicase units. The
mechanism of this activation has not been answered. Chapter 3 explains how we unraveled this

elusive question.

A crystal structure of E. coli Rep (61) in two conformations with DNA substrates are
shown in Figure 1.5. These structures reveal a flexible swiveling domain, named 2B, and RecA
like motor domains, 1A and 2A, and another relatively small stationary domain, 1B. Rep
homologs E. coli UvrD (68, 69), and B. stearothermophilus PcrA (62, 63) have been crystallized in
similar conformations as well. These two extreme conformations of 2B subdomain are named
open and closed forms. The position and orientation of other three subdomains (1A, 1B and 2A)
remain essentially unchanged in the open and closed conformations. A mapping between the
open and closed conformations of Rep, based on the positions of the a-carbons of 1A, 1B, and
2A domains, results in almost a perfect match with an RMSD of 3.6 A. Degree of swiveling
around the hinge region that connects the 2B subdomain to the 2A subdomain ranges between

130° and 160° in the x-ray structures for Rep, UvrD and PcrA.

In order to study the biological role of 2B subdomain, a 2B deletion mutant, RepA2B was
made and tested (70). RepA2B was still a functional helicase, supporting ¢X174 replication in
vivo, and retaining helicase activity in vitro. Pre-steady state ensemble unwinding reactions
revealed that RepA2B is a faster unwinder than the wild type Rep, but with shorter processivity
(70, 71). We also confirmed that RepA2B is a faster translocase as well. This result suggested
that the 2B subdomain could be a protein-protein interaction domain with a regulatory role, but
how that is accomplished has not been answered since the structural discovery in 1997. We
used the open and closed form structures of 2B subdomain as a basis to bioengineer two
stabilized conformers using biochemical crosslinking agents, and characterized their helicase
activities for Rep and PcrA (Chapter 3) which answered this long-standing question for SF1

helicases.

Crystal structures of PcrA and UvrD bound to a dsDNA with a short 3’ ssDNA tail both
show the 2B subdomain in the closed conformation; making contacts with the duplex DNA
which led to various proposals about the significance of the 2B subdomain-duplex DNA

interactions in DNA unwinding (63, 68), even though it does not contain any of the conserved



helicase motifs and shows significant variations in both size and sequence among SF1 and SF2
superfamilies (16). Our previous study of FRET triangulation showed that Rep monomer binds to
the DNA with a short 3’-overhang DNA in the closed conformation (72), similar to the PcrA and
UvrD observed in the crystal structures in complex with 3’-overhang DNA (63, 68). 2B
subdomain of PcrA and UvrD monomers seemed to anchor the protein to the dsDNA with a 5’-
overhang. The anchored protein then translocates in a 3’ to 5’ direction along the ssDNA tail so
that the enzyme reels in the tail; forming a ssDNA loop (1, 73). Overall, these observations were
interpreted as the 2B subdomain having a regulatory role, rather than having an active
functional role in DNA unwinding. For example, it has been suggested that the 2B subdomain
interaction with the dsDNA may function to prevent wild type Rep monomers from unwinding
or otherwise invading dsDNA, i.e. an auto-inhibitory role (17, 55). Then it was speculated that
the 2B-induced unwinding inhibition and regulation may be lifted by the interaction with a
cellular partner protein in vivo, while in vitro studies suggested that the protein-protein
interaction between two or more Rep monomers is enough to suppress the proposed auto-
inhibitory effects of the 2B subdomain-dsDNA interaction. A detailed understanding of the 2B
subdomain-duplex DNA interactions during the ATP hydrolysis cycle would facilitate an
understanding of the role of these interactions. Systematic crystal structure studies, such as
those reported for PcrA and UvrD complexes with DNA (63, 68) are not available for the Rep
helicase, making fluorescence based assays that can probe the structure of Rep-pdDNA
complexes particularly important. The study we report in Chapter 2.6 was designed to
determine the relative conformation of a Rep monomer in complex with a partially duplexed
DNA (pdDNA) at different intermediates of ATP hydrolysis using a FRET based triangulation
assay. The crystal structure studies of Rep-ssDNA complexes (61) and our previous FRET studies

on a Rep-pdDNA complex without ATP (72) served as a basis for this study.

1.9 Translocase activity of Rep helicase

ssDNA/ssRNA dependent translocase activity is integral feature of the many helicases. A
completely new type of translocation behavior for Rep helicase, namely the repetitive shuttling
was discovered by our group. Rep translocates on the ssDNA track which is characterized by the
ability of the Rep to rebind to the beginning of the ssDNA track upon reaching the end of the

track, on DNA constructs such as 3' tail of a pdDNA, surface tethered ssDNA and stalled



replication fork analogue (58). Other studies revealed that PcrA (1) and UvrD (unpublished)

exhibits similar repetitious behavior.

As it will be described in Chapter 2.1, Rep can translocate repetitively on large variety of
DNA substrates without dissociation. Based on our observation and its low copy number in cells,
it is plausible that an important role of Rep in vivo is ssDNA translocation, which was proposed
to keep ssDNA free of unwanted proteins. Repetitive shuttling can facilitate this role with
enhanced efficiency. These substrates provided a more comprehensive understanding of how

robust and widespread the repetitive shuttling phenomenon can be.

Rep, like PcrA, UvrD and many other helicases bind the ssDNA in a specific polarity. N-
terminal motor domain (1A) is located on the 3’-end side and the C-terminal motor domain (2A)
faces the 5’-end. The crystal structures revealed the important residues that make contact with
ssDNA via hydrogen bonding and m-stacking (Figure 1.6). These contacting residues mainly
reside in motifs Ia, lll, IVa, and V, and certain residues outside these motifs but conserved
among smaller subset of SF1 helicases. Thr56 and Asn57 of motif la, Tyr248 of motif I, Arg350,
Gly351 and Asn352 of motif IVa and, His558 and Thr556 of motif V seem to interact with
phosphate backbone of ssDNA whereas Trp250 of motif Ill and highly conserved non-motif
residue Phel83 (the “gatekeeper” residue) are involved in m-stacking interaction with the
nucleobases. Certain residues also make hydrogen bonds with the nucleobases as well, such as
Arg251 of motif Ill, His85 of TxGx motif, and non-motif residues, His580 and Ser582. We have
investigated how these residues are involved translocation mechanism by site directed
mutagenesis and testing the mutants using the repetitive shuttling assay. The mutations
revealed a whole spectrum of effects, from fast translocations to slow ones, or completely
abolished translocation and/or DNA affinity and/or ATPase activity. These results are presented

in Chapter 2.4.

1.10Bioengineered versions of Rep and PcrA helicases

As mentioned above Rep, PcrA and UvrD helicases present two distinct conformations
named as “closed” and “open” forms in their x-ray crystal structures. These two conformations
are result of 130°-160° swiveling rotation of the 2B subdomain relative to the fairly rigid body of

the protein. Single molecule fluorescence and ensemble biochemical studies show that opening



and closing dynamics of 2B subdomain is coupled to the translocation, ATP hydrolysis cycle, and
presence of duplex DNA, suggesting that the movement of the 2B subdomain might be
functionally relevant in regulatory capacity. For example 2B subdomain might facilitate the
dimerization of the Rep protein (61). Interestingly the 2B subdomain does not contain any
helicase motifs. Dispensability of this domain in RepA2B studies make its role even harder to
pinpoint. Despite all these findings, what 2B subdomain does still remains an open question

today.

In order to determine the functional and/or regularity role importance of the 2B
subdomain, we have successfully crosslinked 2B and 1B subdomains to arrest the protein in a
perpetual “closed” form. We performed this first by replacing all the native cysteines and
introducing two new cysteines at specific positions on 2B and 1B subdomains respectively. In
one double cysteine mutant, these residues very closely face each other, when the protein is in
the closed form. Upon covalent crosslinking of these two cysteines with a short
homobifunctional bismaleimide crosslinker, the protein is arrested in “closed” form. We
bioengineered the closed form crosslinked version of Rep and PcrA, which we named Rep-X and
PcrA-X. Among the most amazing results, these modifications converted the monomers with no
detectable unwinding activity into super-active monomeric helicase units that can unwind 6-kbp
DNA in a single reaction. This result is important because it proves that the closed form is a
functional form of these helicases, and it also showcases first time a super active enzyme can be
engineered by conformational control of protein structure. In contrast, Rep arrested in the open
form (Rep-Y) was similar to the wild type Rep in its helicase characteristics. This work is

presented in Chapter 3.
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Figure 1.1 FRET efficiency-distance dependence. Eqzer plot is shown for a donor and acceptor
pair (green and red balls respectively). Shading represents the relative emission intensity. At the
Forster radius (Ro = 5 nm), Eer is at 50%. The plot also shows that Erzer most sensitive to the
changes in the range of 3-8 nm.
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Figure 1.2 Types of total internal reflection fluorescence (TIRF) microscopy. Diagram of the
objective and prism type TIRF designs show how the excitation laser beam (green) with an
incident angle greater than the critical angle can be reflected from inner surfaces of the
slide/coverslip to form an evanescent field layer in the aqueous sample chamber (green
gradient), hence eliminating background by only exciting a ~200 nm layer in the chamber.
Sample molecules with a FRET pairs are tethered to the slide/coverslip surface. Objective type
TIR is usually obtained by focusing the laser light at the back focal plane whereas in the prism
type TIR, the laser is focused approximately at the reflection surface.
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Figure 1.3 Single molecule total internal reflection (TIR) fluorescence setup. Top and middle
panels show the emission pathways for the prism and objective type TIR designs, respectively In
objective type, laser light is expanded, and reflected by dichroic 1 mirror with a cut off
wavelength slightly above that of the laser. Middle and bottom panel shows the emission
pathway for donor and acceptor signal (dark green and red) collected by the objective lens, first
cleaned by a long pass filter to reject scattered excitation laser and a dichroic 2 mirror to
separate the donor and acceptor emissions for side by side detection at the CCD camera. A
sample recorded image shows both the channels with a molecule marked in both channels
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Figure 1.4 Conserved helicase motifs. Four subdomains of Rep are color coded in the open form
crystal structure and color coordinated with the top sequence map (PDB ID: 1UAA). Relative
positions of conserved helicase motifs are shown in the bottom sequence map. While the ATP
binds to the cleft between the 1A (yellow) and 2A (red) motor subdomains, ssDNA binds to the
top surface of the same subdomains. (Reprinted from Lohman 2004 with permission)
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Figure 1.5 Open and Closed form of Rep helicase. Crystal structures of the open and the closed
conformations (surface representation) are aligned on the same section of the ssDNA
(multicolored licorice). Subdomains colored as in Figure 1.4 (PDB ID: 1UAA). The terms open and
closed refer to the relative conformation of the dynamic 2B subdomain (blue).
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Figure 1.6 ssDNA interaction network of Rep helicase. Some of the residues of Rep that
interacts with ssDNA backbone and nucleobases are shown. (Reprinted from Korolev, Hsieh et
al. 1997 with permission)
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Chapter 2. Translocation
mechanism of Rep helicase

2.1 Repetitive shuttling mechanism

A novel phenomenon for Rep helicase, namely the repetitive shuttling on ssDNA had
been discovered in our laboratory (58). In that study, Rep translocations repeated successively
on a partial duplex DNA (pdDNA) with a free 3’ overhang (Figure from Sua’s paper). Discovery
hinged on a curious behavior Rep exhibited once it reached the end of the ssDNA track, i.e. the
junction of duplex DNA where it could not move further. At that stage, Rep helicase did not
dissociate from the DNA, but somehow jumped to the 3’ end of the track, and repeated the
translocation cycle multiple times. Myong et. al. showed that during the jumps Rep co-binds the
3’ end of the DNA, transiently forming a loop of ssDNA, and then releasing the junction to
completely transfer to the 3’ end followed by subsequent translocation cycle. These jumps were
called snapbacks. Myong et. al. showed that Rep does the same on two other substrates, ssDNA
tethered to surface at 5’ end, and stalled replication fork. Only on the 3’ end tethered ssNA,
they did not observe repetitions. Based on such persistent shuttling activity, the ability to
prevent binding of recA, and prior reports of no apparent unwinding ability of monomers led
Myong et. al. to propose an in vivo translocase function for Rep monomers. So they concluded
that the repetitive shuttling keeps the exposed ssDNA free from unwanted toxic effects of

certain proteins.

Myong et. al. also hypothesized that the repetitions were blockade induced, since the
entire set of DNA structure they tested contained a blockade at the downstream of
translocation direction. This was supported by an internal conformational change that was
coupled to the translocation. The translocation toward the blockade was accompanied with a
gradual closing of swiveling 2B subdomain and sudden opening upon snap-back to the start
position. Hence it was concluded that in the blockade induced closed state, Rep has increased
affinity to the starting end of the ssDNA track which enables the snap-backs. Following each
snap-back Rep repeated the same cycle until full dissociation from the DNA which happened

after anywhere from 1 to 50 cycles of translocation on 80-nt long track.
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In order to study this phenomenon, we tested different DNA substrates, and found that
Rep can also repetitively translocate on variety of other DNA structures, such as pdDNA with a 5’
overhang, free ssDNA, and ssDNA bound by dsDNA at both ends. It should be noted that two of
these structures have no end blockades to induce repetitions, but simply a 5" end of a ssDNA
track. As for the intra-molecular conformational change, we observed the same gradual closing
of the 2B subdomain as Rep approaches the 5’ end of the ssDNA track. Based on these results,
we propose a more comprehensive repetition model that shortening of ssDNA ahead of the Rep

induces a conformational change that results in snapback to the beginning of the track.

Although all the DNA substrates that showed repetitive translocation have a free 3’ end
at the snapback site as a common feature, we did not find that 3'-OH was essential for the
snapbacks. All of these structures, except for the stalled replication fork, contained a ssDNA
track with a free 3’ and/or 5’ end. To see if this was a requirement for the repetitive shuttling,
we looked at the Rep behavior on a stretch of ssDNA flanked by duplex DNA at both ends. Rep
exhibited the repetitive shuttling on this substrate as well, hence indicating that a ssDNA with a

free end is not required the repetitive shuttling.

Based on the diverse DNA structures Rep can repetitively shuttle on and its low copy
number in cells, it is plausible that one of the main roles of Rep in vivo could indeed be

repetitive ssDNA translocation.

We have monitored Rep activity on these various DNA substrates via molecule Forster
Resonance Energy Transfer (smFRET), protein induced fluorescence enhancement (PIFE) and
time correlated single photon counting (TCSPC) on TIRF and confocal microscope stages
(Chapter 1: Introduction to single molecule biophysics and helicases). Preparation and assembly
of reaction chambers, fluorophore labeled DNA substrates Rep samples, detailed buffer
conditions, and the details of the experimental assay to reproduce the results are described in

2.1.8.

2.1.1 Rep translocation on 5' overhang DNA

First, we designed an assay in which a single Cys mutant of Rep protein was labeled with
a donor dye at the N-terminal domain (residue 43 or 97 with Cy3) and the acceptor dye (Cy5)
was located on the junction of the pdDNA with 80-nt 5’ poly-dT overhang as shown in Figure

2.1a. The biotinylated pdDNA was surface tethered to a polymer-coated (to prevent non-specific
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protein adsorption) quartz slide via neutravidin. Upon injection of reaction buffer containing
Rep (100 - 500 pM) and ATP (1 mM) into the reaction chamber, binding of a labeled Rep
molecule to the surface-tethered DNA was observed as a sudden appearance of fluorescence
signal. FRET efficiency exhibited a series of gradual decrease phases followed by sudden jumps
in repetitive manner (Figure 2.1a), indicating Rep’s directional movement away from the
junction and a sudden return to the junction. A histogram of translocation periods, At,
measured between adjacent snapback events, showed an average translocation speed of ~80
nt/s, similar to values obtained by Myong et. al. To see if sudden return to the junction is a
snapback in the manner Myong et. al. discovered, we monitored the FRET efficiency between
acceptor labeled Rep (Cy5 at C-terminal domain residue 333) and the donor (Cy3) labeled 5’ end
(Figure 2.1b, cartoon). As a result, FRET efficiency pattern was reversed, i.e. cycles of gradual
increase and sudden drop, suggesting 3’ to 5’ translocation on ssDNA without staying bound to
the 5’ end or the duplex DNA followed by snapbacks in the same manner as it did on pdDNA

with 3’ overhang.

Figure 2.1c represents an otherwise identical experiment but with an unlabeled Rep on
the 5’ tailed pdDNA with Cy3 at the 5’ end. During the translocation, we observed a series of
sawtooth shaped Cy3 intensity changes resulting from Cy3 emission enhancement induced by
proximity of Rep (PIFE) (74). The sawtooth pattern showed a gradual increase and an abrupt
decrease of intensity, consistent with the Rep translocation cycles observed above. As another
indicator of protein movement, we obtained the single molecule trajectories of fluorescence
lifetime of Cy3 during the same experiment (Figure 2.1d) using a time-correlated single photon
counting (TCSPC) assay on a confocal microscope stage (2.1.8). The fluorescence lifetime of Cy3
showed repetitive cycles of increased gradual increase from about 1.2 ns to 1.8 ns and abrupt
drops to 1.2 ns, paralleling the sawtooth pattern observed in the emission intensity in Figure

2.1c.

A histogram of translocation periods are plotted for all four assays, showing similar At,.
values (average 0.87 s, standard deviation 0.11 s). Slight differences can be attributed to the
room temperature variation (T,oom=22+2°C), and to the inherent biochemical of single Cys
mutants. Here we showed that, first time, upon encountering the free 5’ end of the ssDNA track,

without any physical blockade, Rep does not dissociate from the DNA, but snaps back to the
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junction and repeats the translocation cycle multiple times. Our finding indicates a different

mechanism of repetitive shuttling than previously conceived blockade induced mechanism.

2.1.2 Repetitive shuttling on free ssDNA

We have shown that replacing streptavidin anchored 3’-end of a ssDNA that has a free
5’ end with a duplex DNA junction recovered the snapbacks that was found to be lacking (58).
Now that we discovered free 5’ end of a ssDNA can induce snap backs depending on the target
site of the snapback, we wanted to see how Rep behaved on a free ssDNA oligonucleotide that
has no duplex DNA junction or a protein block at either ends. For TIRF microscopy imaging of
Rep behavior on free ssDNA, we trapped pairs of ssDNA and Rep in small unilamellar vesicles
(SUV) of 200 nm diameter that were tethered to surface as shown in Figure 2.2 (75).
Phospholipid SUVs exhibit spontaneous porosity at the phase transition temperature that allows
passage of small molecules such as Mg ions and ATP necessary for Rep translocation, so we
used DMPC (1,2-Dimyristoyl-sn-Glycero-3-Phosphocholine) lipid as its phase transition
temperature (23°C) is suitable working at room temperature. Donor labeled Rep (Cy3 at residue
333) and the acceptor labeled 98-nt ssDNA (5’-Cy5) were co-encapsulated in vesicles as
described in the 2.2.3.4: Rep Helicase Encapsulation. The vesicles were tethered to surface by
biotinylated lipid moieties that were added to DMPC. Upon introduction of ATP into the reaction
chamber, we observed the repetitive shuttling signature, i.e. the cycles of gradual FRET
efficiency increase and abrupt decrease, similar to those observed on pdDNA tethered directly
to the surface, with similar translocation speed. This data suggest that Rep is able to translocate
repetitively on free ssDNA, so it is capable of snapbacks from a free 5’ end to a free 3’ end.
However, vesicle encapsulation studies alone could not rule out the possibility that the
repetition may simply be due to rebinding of Rep to the same DNA after its complete
dissociation (since effective concentration of a single Rep molecule in a 200 nm wide vesicle is
around 400 nM and binding rate of Rep to a ~20-nt ssDNA is around 4 102 nM™s™ (40),
rebinding would likely to occur within 10 ms whereas our integration time was 16-50 ms).
Therefore, we performed a complementary experiment by surface-immobilizing the biotinylated
Rep protein (2.1.8, Figure 2.3). 98-nt long ssDNA labeled with Cy3 at the 5’ end was then added
along with ATP. When a free ssDNA molecule bound to Rep, the protein exhibited repetitive
translocation on the ssDNA as observed through PIFE of Cy3 signal (Figure 2.3). Average

translocation periods are in agreement with the ones obtained on 3’and 5’ overhang pdDNA
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substrates. These experiments confirm the ability of Rep to snapback from the 5’ end to the 3’
end of the same ssDNA without dissociating. Behavior of Rep on the 5’overhang pdDNA and the
free ssDNA supports a mechanism of repetitive shuttling that is facilitated by lack of ssDNA
ahead of the helicase. It is still curious that when 3’ end of a ssDNA is blocked by streptavidin it

inhibits the snapbacks yet a duplexed DNA at that end does not.

2.1.3 Repetitive shuttling on ssDNA flanked by duplex DNA at
both ends

One of the most common feature of all the DNA substrates on which Rep was able to do
repetitive shuttling had been a free ssNA end (3’ or 5’) except for the stalled replication fork
analog where one end contained a ssDNA/duplex DNA junction (Okazaki fragment) and the
other end with a triple junction of ssDNA and two duplex DNA stems (template and the leading
strand) (58). In order to expand on this, we designed another substrate that is biologically
relevant but did not have any free ssNA ends. It was a stretch of ssDNA is flanked by dsDNA at
both ends (ds-ss-ds DNA) (Figure 2.4), basically a similar substrate to the stalled replication fork
but without the upstream leading strand duplex. Acceptor label (Cy5) was located at the end of
the translocation track that was a 40-nt long poly-dT sequence. smFRET traces of donor labeled
Rep (Cy3 at residue 333) were recorded demonstrated that Rep was able to do the same
repetitive shuttling on the ds-ss-ds DNA as the other substrates, further supporting a snapback

mechanism that does not require a free ssDNA.

2.1.4 Free in-trans ssDNA stops Rep translocation on surface

tethered DNA

Mechanism of repetitive shuttling hinges on the snap back of Rep to the 3’ end via
transient looping of ssDNA. A good question would be whether a ssDNA provided in trans could
eliminate shuttling from the surface-immobilized DNA. If our model of looping via 3' end
recognition is correct, then addition of free ssDNA at very high concentration should stop the
Rep translocation on the tethered DNA. Free ssDNA in the solution provides additional 3’ end for
snap back that competes against the 3’ end of the surface-tethered DNA, subsequently causing
Rep to leave the surface. To test this hypothesis, we flew in 100 uM of ssDNA of dT,s while the

Rep-Cy3 molecules were translocating on the Cy5 labeled partial duplex DNA with dT80 3’
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overhang (Figure 2.5). Introduction of high concentration of ssDNA resulted in fast dissociation
of Rep molecules from the surface tethered DNA. A histogram of the dissociation FRET
efficiencies showed that helicase molecules predominantly left the surface during the snap back.
This result suggests that Rep recognizes the 3’ end when it reaches the end of the ssDNA track,

then it snaps back to the 3’ end region, and repeats the shuttling process.

2.1.5 Conformational dynamics of Rep during the repetitive
shuttling on 5’ overhang DNA

Dual labeled Rep on a 3’ overhang pdDNA showed a repeating pattern of
conformational change coupled to the repetitive shuttling in Myong et. al.’s work. During the
translocation flexible 2B subdomain was gradually closing and abruptly opening with a
periodicity similar to that of translocation cycles. Hence it was proposed as the structural
mechanism of snapback that the protein assumed the closed form, a secondary binding site for
the snapback target site on the protein was exposed to facilitate transition of Rep from one site
to another site on the DNA. We wanted to see if the same conformational change occurred

during translocation toward a free 5’ end with no blockade.

Based on the two conformations in the crystal structures of Rep in complex with ssDNA,
the 2B subdomain of Rep was proposed to be flexible and to swivel 130° between the close and
open forms (61). We used a Rep mutant with two cysteines (residues 473 and 97) that are
stochastically labeled with a mixture of Cy3 and Cy5 (58). Residues 473 and 97 are located at
the tips of 2B and 1B subdomains respectively such that the closed conformation should display
significantly higher FRET than the open conformation. Single molecule time traces of this doubly
labeled Rep moving on an unlabeled partial duplex DNA with a 5’ ssDNA tail displayed repetitive
pattern of a gradual FRET increase followed by an abrupt FRET decrease (Figure 2.6), suggesting
that the 2B subdomain is primarily in the open conformation when it is near the junction with
the duplex DNA, and becomes closed as it translocates towards the 5’ end of the ssDNA. In the
previous work (58), similar cycles of gradual closing and sudden opening of 2B subdomain were
observed as the enzyme was moving on a 3’ ssDNA tail towards the duplex junction. Combining
the two experiments, it is evident that the conformational state of Rep is mainly governed by
the ssDNA track ahead rather than its contact with junction or a form of blockade. In a way, Rep

“senses” the length of the ssDNA ahead of it.
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This conformational change was originally observed on substrates with blockade at the
end of translocation tracks. Here we saw the same behavior as Rep moves on ssDNA track with
free 5" end. In all of these cases, what naturally followed upon closing of 2B subdomain was
snapback. Hence the closed conformation of Rep could be facilitating the snap backs, perhaps
by exposing a secondary binding site on the protein for the translocation start site, i.e the

snapback target site, as proposed by Myong et. al.
2.1.6 3’-OH is not an essential factor in repetitive shuttling

Repetitive shuttling was observed in all types of DNA substrates tested in this study and
in the previous study with one exception. On a ssDNA with a free 5’ end and its 3’ end linked to
the surface via biotin-streptavidin, only one cycle of translation was observed with no repetition
(58). We previously interpreted the result as evidence for a requirement of a physical blockade
at the 5’ end of the track for snapback to occur. However, in light of the new findings here that
showed repetitive shuttling from DNA substrates with free 5’ end, it appears that it is the lack of
ssDNA track ahead of the translocase that signals for snapback, not a bulky blockade. What
blocks the snapback then appears to be the lack of accessible 3’ end which is blocked by its
linkage to streptavidin via biotin. In all other substrates, the 3’ end is accessible, either as a
single-stranded end or as a recessed 3’ end. If Rep indeed contains a secondary binding site for a
3’ end, it may recognize the 3’-OH group. A binding pocket for 3’-OH was described for another
E. coli helicase that functions in stalled replication restart, priA (76). Some exonucleases also
recognize the target oligonucleotides through the 3’-OH group (77). If Rep indeed contains a

similar secondary binding site for a 3’ end, it may recognize the 3’-OH group.

In order to test if the 3’-OH is required for snapback, we modified the end of the 3’
overhang of a pdDNA with a phosphate group (Figure 2.7). We observed that Rep was still able
to translocate repetitively on this modified substrate. The number of successive repetitions
before the dissociation (or photobleaching) was similar to that of unmodified substrate with

(Figure 2.7). We concluded that a 3’-OH is not essential to the snapback phenomenon.

2.1.7 Conclusion and discussion

We tested various DNA structures for Rep helicase translocation behavior, especially for
the gaining more insight into the repetitive shuttling characteristic. We have found that Rep can

repetitively shuttle on the 5" overhang of a pdDNA, free untethered ssDNA and ds-ss-ds DNA.
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DNA with 5’ overhang and free ssDNA showed that snapback, the key event for the repetitions,
can occur at 5’ end of a ssDNA track, as well as at the blockades in form of a duplex DNA or a
protein block (such as Neutravidin). Thus, we propose that repetitions are induced by lack of
ssDNA ahead of the protein rather than the specific structure at the end of the ssDNA
translocation track. Repetitive shuttling on ds-ss-ds DNA substrate supported this idea, along
with all the other substrates, by showing that Rep can transition from any end of ssDNA track to
a snapback target site, whether it is a free 3’ end of a ssDNA, duplex junction with a receded 3’
end, or stalled replication fork junction with 3’ end of the leading strand. The only substrate on
which the repetitions were inhibited was a ssDNA track tethered to the surface at the
biotinylated 3’ end (snapback target site) (58). In comparison, 5’ tailed pdDNA replaces the
neutravidin-biotin end of the inhibited substrate with a duplex DNA (with recessed 3’ end) and it
recovers the repetitions. Hence it seemed that as long as 3’ end is present at the snapback site,
Rep was able to transition when it encounters end of ssDNA track. Thus it became evident that
the 3’ end containing DNA structure at the target snapback site governs the transition of Rep to
the beginning of translocation track. However interaction of the Rep with the 3’ DNA end at the
snapback site was not specifically facilitated by the 3’-OH group, since replacing it with a

phosphate group did not have any effect.

Dual labeled Rep experiments showed that the synchronous conformational change of
Rep in the form of gradual closing of 2B subdomain occurred on both the 3’ and the 5’ overhang
DNA. This suggests that the conformational change is caused by the lack of ssDNA track ahead
rather than what lies at the end of the track. At the end of each translocation cycle, prior to
snapback, 2B subdomain attained the closed form. Myong et. al. suggested that affinity of Rep
to free 3’-end increased in the closed conformation by exposing a secondary binding site for it.
Since we observed the similar conformational change on the 5’ overhang DNA, such a site
should have versatility to accommodate binding to a recessed 3’-end structure. Hence the other
half of the repetitive shuttling mechanism lies in finding the functional residues that directs the
helicase to the beginning of the translocation track. Our biochemical mutagenesis study of
ssDNA interacting residues of Rep can shed more light on the location of the snapback
facilitating binding site for the 3’ end. Briefly, we found that the certain mutations of ssDNA
interacting residues seemed to cause long stalls at the end of the translocation cycles, indicating
an impaired ability of snapback. Most notable of these residues is the Asn352, and to the some

degree Arg350, Thr556, His558 and His580 all of which are located on 2A domain. Thus the
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binding location of the target snapback site could very well be the some of the ssDNA binding
residues on the leading edge motor domain (2A). Crystal structures show that these residues
are more exposed in the closed form of 2B subdomain. See 2.4: Role of functional helicase

residues in translocation and directionality for more details.

In a final note, our discovery of new modes of repetitive shuttling on the variety of
substrates, along with previous results clearly shows the robustness of this phenomenon. Such
variety of DNA structures that enables repetitive shuttling can be an indication of a greater role

of Rep-like proteins as translocases in vivo.
2.1.8 Materials and Methods

Translocation of individual Rep molecules on DNA was monitored by smFRET between a
donor (Cy3) and an acceptor (Cy5) fluorophores conjugated to Rep and DNA structures as shown
in Figures. We have also employed protein induced fluorescence enhancement (PIFE) method
to do the same on certain experiments as indicated in the text. For PIFE, we used a single
fluorophore (Cy3) labeled DNA and an unlabeled protein (56, 57, 74). We also measured the
fluorescence lifetime of DNA conjugated Cy3 during translocation of unlabeled Rep by

time-correlated single photon counting (TCSPC) on a confocal microscope stage.

In some PIFE experiments, we used surface tethered Rep-biotin conjugates and supplied
non-biotinylated labeled DNA substrate in trans. Surface tethering of DNA or protein employed

well established biotin-neutravidin scheme.

Fluorophore labeled Rep molecules were prepared as described in (72). Cy3 or Cy5
maleimide dyes (GE Healthcare) were conjugated to Rep mutants at specific positions as
indicated in the text. Their in vitro activity (ATPase, ssDNA translocation and/or dsDNA
unwinding) and in vivo functionality (phage replication plaque assay) were confirmed previously
(72). Residues 43 and 97 are located on the trailing end during the translocation and residue 333
is located on the leading edge. The labeling positions were selected to maximize the FRET
efficiency change during translocation cycles. For surface tethering, Rep-biotin conjugates (at
residue 43 or 97) were prepared as described in (78). For monitoring the conformation of 2B
subdomain, a dual labeled version, Rep97/473-Cy3/Cy5 was prepared as described in (58).

Residue 97 is located on the 1B domain, and 473 is located at the tip of the 2B subdomain, so
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the closing of the 2B subdomain would increase the FRET efficiency as the distance between

two residues reduced from 8.6 nm to 3.2nm.

For 2.1.1: Rep translocation on 5' overhang DNA, two biotinylated 5’-overhang DNA
substrates were prepared. First was prepared by annealing oligonucleotides 5’-Cy3-Tgo-GCC TCG
CTG CCG TCG CCA-3’ and 5’-biotin-TGG CGA CGG CAG CGA GGC- 3'. Second was prepared by
annealing oligonucleotides 5’-Tgy-GCC TCG CTG CCG TCG CCA-3’ and 5’-biotin-TGG CGA CGG CAG
CGA GGC-Cy5-3’. For 2.1.2: Repetitive shuttling on free ssDNA , two 98mer oligonucleotides of
same sequence were used, 5’-Cy5-Tg-GCC TCG CTG CCG TCG CCA-3’ and 5’-Cy3-Tg-GCC TCG
CTG CCG TCG CCA-3'. For 2.1.3: Repetitive shuttling on ssDNA flanked by duplex DNA at both
ends, we designed a ds-ss-ds DNA substrate had 18-bp dsDNA at both ends with 40nt poly-dT
ssDNA in between. The recessed 5’-end carried the Cy5 label. We annealed three
oligonucleotides to form ds-ss-ds DNA substrate: 5-ACT CGC GCC GTC GCT CCG-T4o-GCC TCG
CTG CCG TCG CCA-3’, 5’-biotin-TGG CGA CGG CAG CGA GGC-3’ and 5’-Cy5-T CGG ACG GAC GGC
GCG AGT-3'. For 2.1.5: Conformational dynamics of Rep during the repetitive shuttling, we used
a unlabeled 5’ overhang DNA by annealing oligonucleotides 5’ -Tg,-GCC TCG CTG CCG TCG CCA-
3’ and 5’-biotin-TGG CGA CGG CAG CGA GGC- 3'. For 2.1.6: 3’-OH is not an essential factor in
repetitive shuttling, we used a 3’-overhang DNA that was prepared by annealing a 3’-end
phosphorylated oligonucleotide and 5’-TGG CGA CGG CAG CGA GGC- Tgo-3’-Phos with 5’-Cy5-
GCC TCG CTG CCG TCG CCA-biotin-3'.

Reaction chambers were formed by quartz slides and glass coverslips passivated with
poly-ethyleneglycol (PEG) and 1% biotinylated PEG (mPEG-SC and bio-PEG-SC respectively,
Laysan Bio, Arab, AL) to reduce non-specific adsorption of protein (79), followed by 5 min
incubation with Neutravidin (Thermo Scientific, Newington, NH) for immobilization of

biotinylated molecules or vesicles on the chamber surface as described below.

In the single molecule experiments where the DNA was surface-tethered, the reaction
chamber was first incubated with 50 pM-100 pM biotinylated DNA substrate in T50 buffer (10
mM Tris-HCI pH8.0, 50 mM NacCl) for 5 min, followed by flushing excess DNA. Translocation was
initiated by flowing 0.1- 1 nM Rep protein and 1 mM ATP in the reaction buffer (10 mM Tris-HCI
[pH 8.0], 10 mM MgCl,, 15 mM NacCl, 10% (v/v) glycerol, 1% (v/v) gloxy and 0.2% (w/v) glucose,
an oxygen scavenging system (80) and 3-4 mM Trolox, (81, 82)). In the surface-tethered Rep

experiments, the reaction chamber was incubated with 0.1-1.0 nM Rep-biotin in the reaction
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buffer, followed by flushing excess protein. The translocation was initiated by flowing 0.1-1.0
nM non-biotinylated DNA and 1 mM ATP in the reaction buffer. For translocation experiments
performed in vesicles, 5’-Cy5 labeled 98-nt ssDNA and Rep-Cy3 were encapsulated in small
unilamellar vesicles (SUV) and tethered to surface as described in 2.2: Use of phospholipid
vesicles for prolonged observation of single Rep molecules. The translocation was started by

injecting 1 mM ATP in the reaction buffer.

All smFRET experiments were conducted on a custom-built prism type inverted TIRF
microscope (Olympus IX71). For excitation, we used a 532 nm Nd:YAG laser. Signal from
individual molecules in a 70 um x 35 um imaging area was collected by 60X NA water objective,
split into two side-by-side images of donor and acceptor channels using a home-built emission
optics pathway and acquired by an EMCCD camera (iXon DV 887-Bl, Andor Technologies, CT) at
16-100 ms resolution using a custom C++ software as described in (83, 84). Movie acquisition,
analysis and generating donor/acceptor signal time series were done using custom C++ and IDL

codes. As needed, Egrer Was calculated as described in (83).

Maria Sorokina and | performed single molecule Cy3 fluorescence lifetime
measurements to monitor unlabeled Rep translocation on surface tethered Cy3 labeled 5’
overhang DNA on a home-built time correlated single photon counting (TCSPC) setup. For details
of the setup, software and analysis, see (85). Briefly, a confocal microscope piezo stage was
excited with a mode locked picosecond pulse laser that was split and detected by a photodiode
for synching. Individual photon emissions detected by an ultra-fast avalanche photodiode (APD).
Photons were time correlated by a TCSPC card using signals from both photodiodes. Lifetimes
were calculated by fitting the time distribution histogram of 500 photons. An initial raster scan
of a preset area was done to record the positions of DNA-Cy3 molecules. Once the translocation
reaction started, piezo stage moved to the position of each molecule, data was acquired until

the Cy3 photobleached, and then the stage moved to the next molecule and so on.
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2.2 Use of phospholipid vesicles for prolonged

observation of single Rep molecules”

In this topic | will elaborate on the vesicle encapsulation technique, that we used for
observing the helicase translocase activity presented in this chapter and for demonstrating K2
effect on FRET in Chapter 4. Encapsulation of a biological molecule or a molecular complex in a
vesicle provides a means of bio-friendly immobilization for single molecule studies that allows
collecting data from individual molecules until fluorophore labels photobleach. We used a
strategy for making porous vesicles using a bacterial pore-forming toxin, a-hemolysin published
in (75). This approach was tested by co-encapsulating E. coli Rep helicase protein and its single-
stranded DNA track. The DNA translocation activity of Rep helicase inside vesicles was fueled by
ATP provided outside the vesicle, and a dramatically higher number of translocation cycles could
be observed due to the minuscule vesicle volume that facilitates rapid rebinding after
dissociation. These pores are known to be stable over a wide range of experimental conditions,
especially at various temperatures, which is not possible with the previous method using DMPC

vesicles.

2.2.1 Introduction

Single molecule fluorescence techniques are revolutionizing biological inquiries both in
vitro and in vivo (86-89). In order to observe single molecule reactions for an extended period,
molecular movements via diffusion have to be slower than the time scale of the method used to
track their movements. Although it is possible to track particles in one dimension, for example
cytoskeleton motor proteins moving on actin filaments (90) or microtubules (91), or in two
dimensions, as in the case of membrane protein diffusion (92), there are many other examples
where three-dimensional diffusion would preclude an extended observation time window.
Therefore, several methodologies have been developed to keep the molecules of interest under
observation for prolonged periods. Immobilization via biotin—streptavidin anchors on bare (93)
or polymer-grafted surfaces (94) and confinement within agarose or polyacrylamide gels (95)

are very useful strategies, yet care should be taken to ensure minimal perturbation to the

" The content in this subsection was reproduced with permission from “Single molecule nanocontainers
made porous using a bacterial toxin”, Okumus B., Arslan, S., Fengler, S. M., Myong, S. & Ha, T., Journal of the
American Chemical Society, 131 (41), 14844-9 (2009). Copyright 2009 American Chemical Society.
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activity of biological molecules. A recent report (96) described an elegant technology for the
confinement of individual molecules in free solution by means of anti-Brownian electrokinetic
trapping (ABEL). ABEL, however, does not allow changing the solution condition while keeping
the molecule trapped. An alternative approach entraps a molecule within a small unilamellar
vesicle (SUV) which is then tethered on surfaces (97-99). Vesicle encapsulation has been used to
study protein folding (100), RNA folding (97), DNA folding (93), DNA—protein interaction (101),
protein-protein interaction (99), and protein conformational changes (102). In principle, vesicle
encapsulation should provide a more biofriendly environment (103), which may help avoid
artifacts sometimes caused by direct surface tethering of proteins (103, 104), because the
immediate environment is composed of lipid molecules rather than an artificial solid substrate
such as a glass slide. Vesicle encapsulation also obviates the need to modify biological molecules
for surface tethering (e.g., biotinylation), offering ease and flexibility to the researcher. For
example, we utilized it to determine the effect on FRET of dipole orientations of the
fluorophores stacked at DNA duplex ends (105). However, the inability to exchange buffer
across the vesicle wall was noted as the major drawback (94) because buffer exchange is
commonly practiced either for examining molecules under various conditions, for example by
varying concentration of certain chemical agents between measurements (93), or for triggering
certain reactions on demand (78). Rendering the vesicles porous is therefore essential for fully
realizing the potential of the encapsulation approach. This is already achieved for bulk assays

(106-108), but their adaptation for single molecule experiments has been limited.

Porous vesicles should also be useful if the measurement condition is not suitable for
vesicle formation. In such circumstances, vesicles can be formed under conditions favorable for
encapsulation, and the solution condition can then be changed to the desired imaging
conditions. Furthermore, because porous vesicles allow buffer exchange without washing out
the encapsulated molecules, it would be possible to monitor the interaction between the same
pair of biomolecules under various conditions. Finally, the presence of pores prevents the
vesicle-to-vesicle variation of intravesicular conditions, for example ion concentrations,
emerging from stochastic encapsulation and vesicle size distribution, which may be important
for studying systems that display strong heterogeneity (98). In this regard, pores ensure that
the intravesicular condition is in equilibrium with the bulk solution, hence remains identical
between vesicles. Clearly, introducing pores on vesicles should greatly expand the venues for

single molecule vesicle encapsulation assays.
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In order to fully harness the capabilities of vesicle encapsulation and overcome the
impermeability barrier, our colleagues recently exploited the thermotropic properties of lipid
membranes (101) where the membrane permeability of solutes reaches a maximum around
membrane’s melting temperature (T.). They showed that the vesicles made of the
phospholipids DMPC (dimyristoylphosphatidylcholine) (T, = 23 °C) can readily allow the passage
of ATP and its analogues (101) at room temperature. Nevertheless, the pores rely on transient
formation of lipid packing defects, and their presence and properties may be affected by many
factors. An obvious limitation is that the working temperature range is narrow with the
membrane being porous only within 3 °C of T, (109), making it laborious to carry out
measurements at various temperatures. For steady-state measurements, one would need to
incubate the sample with the desired buffer at the T,, of the lipid membrane before taking data
at a new temperature. Moreover, data acquisition at temperatures different from T,,, would be
problematic if the encapsulated reaction consumes substrates (e.g., ATP), as their consumption
and product accumulation will alter the dynamics. Finally, nonequilibrium kinetic experiments,
for example via flow, at various temperatures would require several different lipid compositions
with T,, values that match those of the temperatures to be used. We therefore utilized a
bacterial toxin, a-hemolysin (aHL), to induce stable pores on SUVs, which had been previously
used for bulk measurements in an attempt to build an artificial cell (106). Our colleagues
proposed using aHL in an earlier report (101), and the actual implementation is the subject of

this section.

aHL is a bacterial toxin secreted by Staphylococcus aureus as water-soluble monomers
which incorporate into lipid membranes to form a heptameric pore (110). There are several
reasons for our choice of aHL: (i) Owing to spontaneous incorporation of aHL into the
membrane, such pores are easier to make than many other membrane proteins which require
difficult reconstitution procedures. (ii) Once formed, aHL pores are stable in a wide variety of
buffer conditions, pH, and temperature. (iii) The aHL pore with a narrowest opening of 1.8 nm is
not selective, allowing passive passage of molecules up to 3kD both ways (111). (iv) Finally,
available engineered mutants of aHL may be further utilized to achieve unique experimental

assays.

My colleagues, Okumus and Fengler, and | carried out the proof-of-concept experiments
using smFRET (single molecule fluorescence resonance energy transfer) (83, 112) on a home-

built total internal reflection fluorescence setup (Figure 2.10) using three different model
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systems. Okumus and Fengler carried out experiments pertaining the first two systems, and
Okumus and | tested the last system. First, the hairpin ribozyme whose single molecule behavior
under various conditions is well characterized (113) served as a molecular reporter for the
intravesicular buffer condition, in this case magnesium ion concentration. Second, the RNA four-
way junction was also used as a well-characterized test system (114). As the third model system
we encapsulated E. coli Rep helicase together with its DNA substrate in order to demonstrate
the passage of ATP through aHL pores and to showcase the ability to study transient
protein—DNA interactions for a prolonged period. Here | will present our finding on the third

system.

2.2.2 Results

We encapsulated an acceptor (Cy5)-labeled partial duplex DNA with a donor (Cy3)-
labeled Rep helicase monomer in SUVs (Materials and Methods and Figure 2.11 a) in order to
confirm the ATP passage through aHL pores. A Rep monomer, which cannot unwind duplex DNA
by itself (40, 78), can translocate on a single-stranded DNA in the 3’ to 5’ direction. When Rep
encounters a blockade (such as a double-stranded DNA) on its track, it snaps back to the 3’ end
on its substrate. These repetitive translocation events (termed shuttling) continue until the Rep
monomer dissociates from DNA (58). Such measurements were previously carried out on DNA
molecules tethered to a quartz surface coated with polymers. For the surface experiments,
shuttling takes place a limited number of times (typically less than 10) due to eventual
dissociation, and the number of translocation events is thus inadequate for inferring statistically
significant information on the shuttling properties from a single Rep helicase (Figure 2.11 b). In
contrast, we expected that encapsulation would enable long-term monitoring of shuttling for a
single pair of Rep and DNA, as the molecules would quickly rebind within the minuscule SUV

volume.

Upon surface immobilization of SUVs, and subsequent ATP injection, shuttling events
were observed within SUVs (Figure 2.11 c), indicating the ATP passage through aHL. The
translocation activity was observed only when aHL was incorporated and ATP was present.
Number of repetitive translocation events that can be observed from an individual Rep was
substantially higher in the SUVs compared to the surface assays as anticipated. When
encapsulated, a single Rep—-DNA pair exhibited shuttling essentially until photobleaching of the

fluorophores. Such enhancement for the number of shuttling events makes it possible to
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observe more than 100 cycles of translocation from an individual Rep—DNA pair and to obtain
the kinetic parameters reliably free of complications arising from single molecule heterogeneity

(Figure 2.11 d).

In conclusion, in order to fully harness the capabilities of the vesicle encapsulation, we
described here a generalizable methodology for making robustly porous vesicles. aHL pores
utilized in this study allowed rapid passage of Mg®* as well as ATP through membranes of
phospholipids SUVs. Compared to the thermothropically rendered defects, aHL pores are well-
defined and stable at various temperatures. In the future, engineered aHL mutants of which
opening/closing can be controlled via different chemical or optical means (111, 115, 116) may

be exploited to design novel experimental platforms.

2.2.3 Materials and Methods

2.2.3.1 FRET Measurements

All experiments were carried out using a prism-based two-color total internal reflection
fluorescence microscope capable of single molecule FRET analysis (83) at room temperature and
with 100 ms exposure time unless otherwise stated. A 532 nm laser was used for donor
excitation in FRET measurements. A 633 nm laser was used to excite the acceptor directly to
confirm colocalization of a donor-labeled Rep helicase and an acceptor-labeled DNA. FRET
efficiency was calculated as the acceptor intensity divided by the total intensity of donor and
acceptor fluorescence averaged over 1 s. Data from hundreds of molecules were pooled to
obtain FRET histograms. Noise in the measurements could yield FRET values below 0 and above
1 due to negative values after background subtraction for the acceptor and donor intensities,
respectively. The leftmost peak in FRET histograms represents donor only population, hence was

ignored in data interpretation.

2.2.3.2 Purification and Characterization of aHL

Initial attempts by our colleague Yuji Ishitsuka with the commercial aHL (Calbiochem)
were not successful in forming pores despite our efforts that explored a wide variety of
experimental conditions. As this failure is likely due to the low concentration of commercially
available aHL (the practical maximum concentration we could use was ~1 uM in monomer), he
produced aHL in-house. We overexpressed hexahistidine-tagged aHL from a plasmid in

Escherichia coli and purified the protein using a Ni-NTA column as described in (75).

30



Recombinant aHL concentration was estimated to be ~36 uM by quantitative Western blotting.

For long-term storage, aHL was divided into aliquots, flash frozen, and kept at -80 °C.

2.2.3.3 aHL Incorporation on SUV

A 30-50 pL volume of aHL solution with the 36 UM monomer concentration was
injected directly into the flow cell containing surface-immobilized vesicles. Unless stated
otherwise, the vesicles were incubated with the aHL containing T50 solution (10 mM Tris (pH
8.0) with 50 mM NaCl) at room temperature for at least 15 min. Excess aHLs were washed away

with the buffer (75).

2.2.3.4 Rep Helicase Encapsulation
Partial duplex DNA (400 nM, double-stranded DNA of 18 base pairs with a 3’ (dT)g, and a

Cy5 attached to the junction) and a 400 nM concentration of Rep molecules (58) labeled with a
donor fluorophore (Cy3) mixed in a total volume of 200 pL of buffer R (20 mM Tris pH 8.0, 500
mM NaCl) were used to hydrate 2.5 mg of lipid films. In order to achieve, on the average, one
molecule of each kind (i.e., one protein vs one DNA) in a 100 nm diameter vesicle, a
concentration of 400 nM was chosen. Buffer R contains 500 mM to ensure that the labeled Rep
does not aggregate, as when high concentrations of dye-labeled Rep monomers are dissolved
under low salt conditions. Upon forming the multilamellar vesicles, 100 or 200 nm
(concentrations were scaled accordingly) diameter vesicles were formed via extrusion. Finally,
unencapsulated Rep molecules were separated from the vesicles by a Ni-NTA column via the
histidine tag on the protein as described below. While buffer R had to be used during
encapsulation to avoid clumping of Rep, it had to be exchanged with the imaging buffer (88) (10
mM Tris-HCl, pH 7.6, 1 mM ATP, 12 mM MgCl,, 15 mM NaCl, 10% (v/v) glycerol, 0.4% (w/w)
glucose, anti-blinking agents such as 2-mercaptoethanol or Trolox, and oxygen scavenging
system utilizing catalase and glucose oxidase) during data acquisition because high salt

concentration in buffer R does not allow Rep to bind to the DNA.

A Bio-Rad column was packed with 2 mL of Ni-NTA bead suspension. After adding the
Ni-NTA beads, the column was first washed with 3 mL of distilled water, then ~10 mL of buffer R
The column material was thus equilibrated with the buffer in which the vesicles were prepared.
Having the beads all settled down, ~150 pL of the sample was gently loaded on the Ni-NTA bead
matrix. Initially, 3-4 drops (volume of one drop was determined to be typically ~50 pL) came out

of the column due to the volume displaced by the sample loading. After waiting 5 min. to make
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sure that the binding to column is equilibrated, 3 mL of buffer R was used to elute the sample.
The separation was first characterized using solutions of Rep or vesicles only. We found that up
to 1 uM of Rep could totally be captured by the Ni-NTA column, and the vesicles eluted between
~10-15th drops. For the Rep encapsulation sample, drops between 10-15 (counting includes the
first 3-4 drops during the sample loading) was collected in a test tube, and used immediately.
The molecules are successfully encapsulated inside vesicles. Vesicles were diluted by 20 to 200
times in T50 buffer (10 mM Tris pH 8.0, 50 mM NaCl) and then incubated with the coated quartz
slide. PEG coated slides were used for the Rep experiments. When the slide surface was not
covered with neutravidin, insignificant binding was observed. In sharp contrast, same dilution of
vesicles yielded a good coverage of fluorescent spots on the surface after neutravidin
incubation. We therefore concluded that the binding was specific to only the biotinylated

objects (i.e. the vesicles), and that the non-specific binding was undetectable.

The headgroup of EggPC lipids which were used for making the encapsulation samples is
zwitterionic. Although there is no particular reason to think that the Rep helicase would interact
with the lipids, we tested the binding of Rep helicase directly on supported lipid bilayer (SLB) or
blank vesicles immobilized on SLB. 1 nM of Rep showed very few binding the surfaces provided
that a high quality SLB is formed. Although such measurements cannot rule out transient
interactions between Rep and lipid membranes, evidently the Rep activity is not altered inside

vesicles.

The freeze-thaw cycle is not essential but is thought to make encapsulation more
efficient. We had previously characterized the effect of freeze-thawing on the unwinding activity
of Rep helicase at the bulk level. 10 freeze-thaw cycles decreased the DNA unwinding amplitude
by only 5% (data not shown) when the thawing was carried out in room temperature water
bath. However, single molecule measurements done on vesicles prepared with freeze-thawing
showed no Rep activity (translocation). We therefore skipped the freeze-thawing step during
the encapsulation only after when Rep translocation was observed for encapsulation samples.
The distribution of the number of encapsulated molecules was not uniform, i.e. some vesicles
had only one Rep molecules whereas others had multiple (e.g. four or five of them)
encapsulated within (The number of Rep molecules could be estimated by counting the digital
photobleaching events.). Such non-uniform encapsulation efficiency could be due to aggregation
of Rep monomers or reflect the fact that the freeze-thawing makes the encapsulation not only

more effective, but also more homogenous. For the single molecule analysis, only the traces

32



that showed proper signatures - e.g. single step photobleaching, and constant total (donor +

acceptor) intensity - were considered.

2.3 Activation energy of Rep translocation”

The enzymatic translocase activity of Rep helicase was measured at various
temperatures using vesicle encapsulation technique (117). Temperature dependence of the

translocation rate of Rep helicase on ssDNA was used to calculate the activation energy of

stepping.
2.3.1 Results

Labeled Rep helicase and partial duplex DNA without biotin were coencapsulated within
a vesicle to observe the rate of translocation at four different temperatures (16, 22, 30, and
33 °C). Surface-immobilized vesicles were incubated with aHL within the channel as described
above. Cy3-labeled Rep helicase showed a characteristic sawtooth repetitive translocation
pattern along the single-strand portion of the Cy5-labeled partial duplex DNA upon addition of 1
mM ATP. No activity was observed when the vesicles were not treated with aHL or when ATP
was not added. Figure 2.12 shows four representative FRET time traces at different
temperatures. The period for each sawtooth, At, clearly showed a correlated increase as the
temperature was increased. Histograms of the At values were fitted with Gaussian functions to
obtain average At values of 2.4, 1.2, 0.5, and 0.4 s for 16, 22, 30, and 33 °C, respectively. The
Arrhenius fit of these points gave an apparent activation energy of 82 + 3 ki mol™ or ~1 kJ mol™

base™ (Figure 2.13).

Unlike thermotropically porous vesicles, aHL porous vesicles are permeable
independent of the temperature (117). This characteristic is useful to measure enzymatic
activity at multiple temperatures. Our proof-of-concept measurements of Rep helicase
translocations along ssDNA inside aHL porous vesicles at four different temperatures clearly
showed this capability. In the bulk study, denatured enzymes in the system negatively
contribute to the overall rate as the temperature increases. However, the single-molecule

approach allows rate measurements purely from the active enzymes. Due to the highly effective

" The content in this subsection was adapted with permission from “Temperature-independent porous
nanocontainers for single-molecule fluorescence studies”, Ishitsuka, Y., Okumus, B., Arslan, S., Chen, K. H. & Ha, T.
Analytical chemistry 82(23), 9694-701 (2010). Copyright (2010) American Chemical Society.
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local confinement of ssDNA and Rep helicase, we were able to observe these translocations
more consecutively than we would have outside of the nanocontainer. Such a high
concentration is not currently attainable due to added high background signals as well as
nonspecific binding of Rep helicase for the conventional surface measurement. As mentioned
before, encapsulation also allows measurement of interactions between the same set of

molecules due to the prolonged observation times.

2.3.2 Materials and Methods

2.3.2.1 Vesicle Preparation

Egg phosphatidylcholine (eggPC), 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-
(cap biotinyl) (sodium salt) (biotinPE), and 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC)
were purchased from Avanti Polar Lipids, Inc. (Alabaster, AL). Cholesterol (Chol) was purchased
from Sigma-Aldrich (St. Louis, MO). Solvents were obtained from Fisher Scientific (Pittsburgh,
PA). All chemicals were used without further purification. All vesicles were prepared by the
extrusion method. Lipids dissolved in chloroform were measured out using a gastight syringe
(Hamilton, Reno, NV) and mixed to make the final desired molar ratio (99:1 eggPC/biotinPE or
33:66:1 eggPC/Chol/biotinPE). The chloroform was dried off by a gentle stream of nitrogen,

leaving a thin lipid film. This film was further dried under vacuum for at least 3 h.

2.3.2.2 Rep Helicase-DNA Coencapsulation

Rep helicase-DNA coencapsulation was done as described previously with some minor
modifications (118). In brief, the lipid film was hydrated with 400 nM partial duplex DNA (18-
base-pair double-stranded DNA with a Cy5-conjugated single-stranded 3'-(dT)go) in buffer R (20
mM Tris (pH 8.0), 500 mM NaCl) to obtain a final lipid concentration of 12.5 mg/mL. DNA-
containing multilamellar vesicles were subjected to five freeze-thaw cycles. Donor dye (Cy3)
labeled Rep helicase (58) was added to give a 400 nM concentration just before the extrusion
step (39 passes, 200 nm pore size) to minimize the deactivation of proteins from freeze-thaw
cycles. These concentrations were chosen to achieve, on average, one DNA molecule or one
DNA-helicase pair per vesicle for a given size of the vesicle. The number of molecules per vesicle
was quantified by counting the photobleaching steps from single-molecule time traces as
mentioned above. To minimize the nonspecific surface binding, non-encapsulated Rep
molecules were removed using a Ni-NTA agarose column via the histidine tag on the protein as

before.
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2.3.2.3 Single-Molecule Fluorescence Measurements

After the assembly of the flow cell, the vesicle sample was immobilized on the surface
by first incubating the surface with 0.2 mg/mL NeutrAvidin (Pierce, Rockford, IL) in 10 mM Tris
(pH 8.0) with 50 mM NacCl for 5 min, followed by a buffer wash and incubation of the vesicle
sample for 15 min. Excess vesicles and nonencapsulated molecules—if any—were flushed away
by the buffer solution. smFRET measurements of the Rep helicase-DNA system were done using
10 mM Tris (pH 7.6), 1 mM ATP, 12 mM MgCl,, 15 mM NaCl, 10% (v/v) glycerol, 0.8% (w/w)
dextrose, antiblinking agents such as 2-mercaptoethanol or Trolox, and an oxygen-scavenging

system, utilizing catalase and glucose oxidase as mentioned above.

2.3.2.4 aHL Expression and Purification

aHLs were expressed and purified in-house by Yuji Ishitsuka as described previously (75).
Briefly, histidine-tagged aHL was overexpressed in Escherichia coli (BL21-DE3) and purified it
using a Ni-NTA agarose column. The recombinant aHL concentration was estimated to be ~36
UM by quantitative Western blotting. Aliquoted aHL stock solutions were flash frozen and stored
at -80 °C. Unless stated otherwise, all experiments were done using in-house aHL. A commercial

aHL was purchased from Calbiochem (San Diego, CA).

2.3.2.5aHL Incorporation

A 30-50 pL volume of aHL solution with the indicated concentration was injected
directly into the flow cell containing surface-immobilized vesicles. Unless stated otherwise, the
vesicles were incubated with the aHL solution (10 mM Tris (pH 8.0) with 50 mM NacCl) at room

temperature for at least 30 min. Excess aHLs were washed away with the buffer (75).

2.3.2.6 smFRET Data Acquisition and Analysis

A prism-based total internal reflection fluorescence inverted microscope (IX70,
Olympus) equipped with a water immersion objective lens (60x, NA = 1.2, Olympus) was used
for imaging. The details on the optical setup may be found elsewhere (87). The sample
temperature was controlled by heating or cooling the slide stage, prism holder, and objective
lens with recirculating water (Neslab Instruments, Portsmouth, NH). Mapping calibration,
matching donor spots to the corresponding acceptor spots, was achieved using surface-
adsorbed fluorescent beads (0.2 um, 540/560 nm, Invitrogen, Carlsbad, CA). Fluorescence data,
in the form of successive images, were recorded by custom software. The donor and acceptor

intensity time trace information was extracted out using custom IDL (Research Systems Inc.)
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programs. Background and donor leakage subtracted donor (/p) and acceptor (/) intensities
were used to calculate the apparent FRET efficiency (E = Io/(lp + /a)) using custom Matlab
programs (MathWorks, Natick, MA). To quantitate the permeability of the vesicle, the relative
population of unfolded GQ-DNA molecules was used. The number of molecules with E values
between 0.15 and 0.5 and larger than 0.5 were counted as unfolded and folded GQ-DNA
molecules, respectively. The molecules with E less than 0.15 were DNA molecules without

acceptor dye or with inactive acceptor dye and were excluded from the analysis.
2.4 Role of functional helicase residues in
translocation and directionality

Directional translocation of helicases and motor proteins are essential to their function,
and it is a result of concerted modulation of the complex network of interactions of the protein
with the ssDNA track, couple to the ATP hydrolysis. So far, we have only the static pictures of
this interaction network from the structure studies, and very little of atomic level understanding
of the dynamical picture as to how the directional translocation is produced. One way to
understand the dynamic picture is to remove its elements one at a time to see the resulting
effect on the activity, so we performed site directed biochemical mutations of ssDNA interacting
residues of Rep, tested their translocation activity using the repetitive shuttling assay. We chose
the target residues based on crystal structures of Rep, UvrD and PcrA which share genetic and
structural homology to a great extent (~40% sequence homology and >80% structural
homology). The ssDNA interacting residues of the Rep are mostly part of the conserved helicase
motifs, and some residues are highly conserved even across several superfamilies. They are
mainly located on the two RecA like folds which are the motor domains of these helicases,
named 1A and 2A (red and yellow domains in Figure 1.4 and Figure 1.5). How their binding
affinities are modulated by ATP hydrolysis forms the atomic level basis of the translocation.
Crystal structures showed that the relative positions of the ssDNA interaction network on 1A
and 2A are 1-nt closer to each other in the ATP bound state, compared to the no-nucleotide
state. These observations suggested an inchworm model that each of the two motor domains
moves 1-nt alternatingly to translocate unidirectionally on the ssDNA track. Upon ATP binding
weakly bound (to ssDNA) motor domain (let’s say domain 1) is pulled toward the strongly bound

other motor domain (domain 2). This is most likely a compressed state held together by the ATP
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and the Mg”" ion. Then, ATP hydrolysis occur, byproducts (ADP and Pi) are released. After ATP
hydrolysis, binding strength of the motor domains are reversed, relaxation back to the no-
nucleotide state occur by 1-nt movement of domain 2, because the domain 1 is now more
tightly bound to the DNA. In case of Rep, domain 1 and 2 are 1A and 2A respectively, resulting
in 3’2 5’ translocation, but in case of RecD2 or Dda (119, 120), Rep homologs with reverse
polarity, domain 1 is 2A, and domain 2 is 1A, resulting in 5’23’ polarity. We performed site
directed mutagenesis of ssDNA interacting residues in each motor subdomain, we wanted to
show how the translocation and directionality was affected, so that we can pinpoint important

residues and their roles.

2.4.1 Mutagenesis of ssDNA binding residues of Rep

An interaction network of Rep residues and ssDNA is shown in Figure 1.6 that was
indicated by the crystal structure (61) From these, among our target sites, Thr556 and Thr83 are
two of the backbone binding residues on the forward (2A) and the rear (1A) motor domains
respectively (nomenclature is based on polarity). These threonines are conserved across many
SF1 and SF2 helicases. Trp250 and Phel83 (the gatekeeper residue) forms aromatic stacking
with the bases. Although these two residues are on the rear motor domain, Trp250 is at the tip
of a loop that extends toward the front motor domain, positioning it between 1A and 2A.
Nearby Tyr248, like Trp250, is situated against the ssDNA nucleobases in between the two
motor domains. His580 and His85 are interacting with the base via hydrogen bonding. His580 is
not a part of any motif, but it is conserved in PcrA which was crystallized in an aromatic stacking
interaction with oligonucleotide base, and it is replaced with serine in UvrD. His85 on the other
hand is conserved across the SF1 helicases, as part of the TxGx motif. The same is true for
Thr556, that is part of motif V. His353 is not conserved residue, and it was not indicated in any
structure study, however it was in the close proximity of Arg-Gly-Asn (350-352) block (motif Iva).
Since this residue is already an Ala in PcrA and UvrD, His353Ala mutation is unlikely to have any
effect Rep, but it may change the translocation speed. Another set of conserved residues in
motif la are Thr56, Asn57 and Lys58. Lastly, we made the Leu595lle/Gly599Ala double mutation
that was proposed to change the translocation directionality based on molecular dynamics

simulation studies of PcrA (121, 122).
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2.4.2 Results

Results of alanine replacement mutations of these residues were varied from complete
inhibition of translocation to that is faster than the wild type or loss of directional translocation.
Cy3 labeled mutants were synthesized as described in reference (72). For the translocation
activity we used the partial duplex DNA with 3’ tail that is a 80-nt long poly-dT (pdT80). The
partial duplex DNA was labeled with Cy5 at the junction. Cy3 labeled Mutant Rep behavior was
recorded using the single molecule assay described in as described in (58) and, sections 2.1.8
and 2.4.4. Materials and Method. Representative time traces are shown for each mutant in

Figure 2.8.

Thr556Ala, His85Ala, His353Ala, His580Ala, Lys58Ala, Leu595lle/Gly599Ala mutations
preserved the repetitive directional translocation activity, albeit with slower or faster velocities
with respect to the wild type. Among those Thr556Ala, His580Ala mutants were slower 4-5
times than the wild type. His85Ala and His353Ala mutants were faster than the wild type 3 and
1.7 times respectively. The gatekeeper residue mutant Phel83Ala, a motif la mutant Ly58Ala,
and the mutant with a proposed reverse directionality did not have any distinguishable
translocation property than the wild type. A comparison plot of translocation speeds for all the

mutants is shown in Figure 2.9.

Trp250Ala mutant, on the other, hand lost the strict polarity of the translocation which
in turn yielded rather irregular FRET traces, instead of regular sawtooth pattern, an indicator of
unidirectional movement. Mutation of nearby Tyr residue, Tyr248Ala also seemed to be no
longer strictly unidirectional. These results present a strong indication of determination of
translocation directionality by the residues that are transferring the ssDNA nucleobases from

forward to rear motor domain.

The other motif la mutants on the rear motor domain, Thr83Ala, Thr56Ala, and to a
large degree Asn57Ala had no translocation activity. However Thr83Ser mutant conserved the
wild type activity, pointing the importance of specific hydrogen bonding between alcohol
sidechains of Thr and Ser with the backbone phosphate. Despite the inhibited translocation,
Thr83Ala was still able to show ssDNA dependent ATP hydrolysis, but such activity was
completely abolished for Thr56. This finding indicates that Thr56 is part of the network that
links the ATP hydrolysis to the ssDNA binding. Thr83Ala mutant was very likely attempting the 1-

nt steps proposed by the inchworm model during ATP binding and hydrolysis, but the moving
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motor domain was probably sliding back because the Ala at this position is not providing
necessary DNA affinity immediately after ATP hydrolysis. It is also noteworthy that the His85Ala

mutant of nearby His in the same motif as Thr83 was the fastest Rep mutant we discovered.

2.4.3 Discussion

The inchworm model is based on alternating binding affinity of forward and rear motor
domains, in synchronization with ATP/Mg?*" binding, hydrolysis and release of APD.Pi/Mg**.
However the exact release sequence of the byproducts is unknown. In the no-nucleotide state,
two domains are separated by 4 nt measured from Thr556 to Thr83. As the ATP binds, rear
domain moves single nucleotide on the DNA, since the forward domain is bound to ssDNA more
tightly in the rigor state. In the ATP bound state, called substrate state, forward domain binding
to ssDNA weakens, and rear domain becomes tightly bound. In this state the distance between
the domains is 3 nt. After or during the ATP hydrolysis and release of products, the two domains
relax back to the no-nucleotide state as the weakly bound forward domain is pushed one
nucleotide forward. In this model, alternation of affinity of the two motor domains to ssDNA is
the essence of the directional translocation mechanism. Exact sequences of events are not
known. Model based on crystal structures need verification with dynamic data. Using the single
molecule assay and repetitive shuttling as readout, we investigated how the perturbations to
the proposed interactions based on crystal structure would affect the translocation mechanism.
The mutagenesis results could help us determine the residues that build up the binding affinity
of each domain. We have determined which residues are important for determining the

translocation speed and directionality.

Now we are closer to the dynamic picture of this model, based on the mutant behavior
we observed. But further investigation of the correlation between ATPase and translocation
speed of the mutants and structural molecular dynamics analysis are required to propose more
comprehensive model for the directional translocation. Our understanding of the translocation
mechanism based on this model would be ultimately tested if we can reverse the directionality
of a helicase. Our preliminary results suggest that we already achieved bi-directionality on a

directional helicase in case of Trp250Ala, and Tyr248Ala mutants.
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2.4.4 Materials and Methods

Site directed mutagenesis, expression and labeling of Rep helicase were performed as
described in (72). Partially duplex DNA with 80 nt long 3’ overhang (pdT80) was prepared as
described in (58). Rep translocation assay of mutants using smFRET TIRF microscopy was
performed as described previously (58, 78). ssDNA ATPase rates of mutants were measured
using Enzchek kit (Invitrogen), in the presence of 1uM dT,s; ssDNA substrate, and 2mM ATP, 15
mM NaCl, 10mM MgCl,, 10% glycerol (v/v) in a 10mM Tris.HCI pH8.0 buffer.

2.5 Effect of DNA modifications on Rep translocation

Effects of duplex nucleic acid irregularities on helicase unwinding have been
investigated (123-126), but how the helicase translocation is influenced by these irregularities is
so far missing. Therefore we probed the helicase-ssDNA interactions, by perturbing the DNA
structure, to see how the translocation activity was affected. Crystal structure of Rep helicase
with ssDNA suggests particular pi stacking and hydrogen bonding interactions between
nucleobases and certain protein residues as well as characteristic hydrogen bonding to the DNA
backbone which has been seen in other backbone tracking helicases (61, 63, 121). For the
purpose disrupting these interactions, abasic sites (nucleotide without base) and PEG linkages
were inserted to ssDNA track (Figure 2.14 a). We complemented our results with biochemical
mutations of the Rep residues involved in these interactions to see how the translocation

behavior would change.

2.5.1 Results

We compared the translocation of Rep on 5 different modified DNAs. Modified DNAs
contain one to three abasic sites interspersed (substrates 1A, 2A and 3A), 3 consecutive abasic
sites (substrate 3Ac) and PEGg chain inserted to a region approximately 3-nt long (substrate
PEG25) (Figure 2.14 a). All the DNA substrates had the similar contour lengths to that of a 80 nt
long oligonucleotide. Exact location of modification sites are listed in Figure 2.14 a. All the
measurements involved partial duplexes with Cy5 labeled junction and Rep labeled with Cy3 at
position 333 that is on the leading end during the translocation (72). FRET traces indicate that
Rep is able to bind and translocate repetitively on all the modified partial duplex DNAs, as it

does on the unmodified pdDNA (58, 127).
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During the translocations, FRET efficiency increases from a minimum to a maximum
value which correspond to the start and stop points of each shuttling event, namely the 3’ end
and the junction where the Cy5 is. Superimposition of FRET efficiency traces are shown in Figure
2.15. FRET efficiency maxima were same for translocations on all the modified and unmodified
DNAs. This means that the modification sites did not inhibit the translocations nor prematurely
truncated them at the modification sites, however, Rep took longer on the modified DNAs to
traverse the whole length of the DNA. This is reflected in the shift seen in ensemble distribution
of the translocation periods (Figure 2.14 b). Accordingly, the average speed of Rep was smaller

on the modified DNAs (1A, 2A, 3A, 3Ac, PEG25) than that on the unmodified DNA (pdT80).

Despite the slowdown of translocation by 100 — 200 ms due to a single modification site,
we were not able to identify distinct stall plateaus on the FRET traces. In order to investigate
whether the slowing effect was global or local, we employed another type of analysis, namely,
we looked at the FRET efficiency gradient (dErrer/dt vs. Errer plots). We calculated the ensemble
averaged gradient of FRET efficiency curves from unmodified DNA (Figure 2.16). Since the FRET
efficiency profile of each translocation event resembles a skewed S shape, its derivative is a bell
shaped curve. Introduction of a stall site is expected to yield a dip in the bell shaped gradient
curve (dEgger/dt vs. Erger) representing a local stalling rather than a global slowing down. Such
localized deviations of modified DNAs from the unmodified pdT80 gradient curve were observed
confirming the local nature of stalling due to the specific modifications. Our results suggest that
the addition of each non-neighboring abasic site on the ssDNA track (1A, 2A and 3A) further
delayed Rep movement with respect to the previous one. On the other hand, in terms of the
translocation speed, the effect of the 3 neighboring abasic sites (3Ac) was smaller than 3 non-
neighboring abasic sites (3A). PEG25 modification that has an equivalent contour length of 3
nts, had less effect than 3Ac. The pronounced effect induced by abasic sites shows that the local
disruption of base-protein interaction is enough to stall the translocation, but not to stop its

movement completely.

2.5.2 Conclusion and discussion

Single molecule observations yielded that abasic sites and PEG linkages prolonged the
translocation; however these sites did not block the Rep movement. We have also shown that
the prolongations were caused by stalling at the irregularities rather than an overall slowing of

the helicase molecule. Single abasic nucleotide caused an average stall that lasted shorter than
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one caused by three consecutive ones. However overall effect of the three interspersed abasic
nucleotides was more than three adjacent ones. Absence of a single nucleobase (abasic site)
seemed to have greater stalling effect then PEG linkages. These results also point to the
robustness of the Rep translocation despite the mutations to the DNA structure. Along with the
variety of DNA substrates Rep can shuttle repetitively, its ability to overcome damages to ssDNA
track emphasizes the importance of translocation and fills a gap of information in this regard for

helicases.

2.5.3 Materials and Methods

2.5.3.1 Experimental assay and smFRET TIRF

Glass cover slips and quartz slides were coated with PEG polymer brush as described
(78). Approximately 1% of the PEG chains are biotin functionalized. Reaction chambers are
constructed by using double sided tape to form channels on the quartz slide and closing the
cover slip on top of the tape (79) . For surface tethering of partially duplex DNA molecules, one
end of the substrate is biotin conjugated. DNA substrates were attached to surface using
biotin/neutravidin scheme. After flushing the excess DNA, 100-500 pM Rep helicase is injected
in reaction buffer that contains oxygen scavenging system and blinking suppression agents BME
or trolox [ref] or trolox [ref] (10mM Tris pH7.6-8.0, 10mM MgCl,, 15mM NaCl, 10% (v/v)
glycerol, 0.4% glucose, 1ImM ATP, 1% (v/v) gloxy, 140mM BME or 2mM trolox).

After these chamber preparation stage, the slide is placed on upside down prism type
TIR microscope (Olympus X71 inverted microscope), in coverslip down orientation. The
excitation of donor Cy3 molecules is achieved by evanescent field of 532nm laser (Crysta Laser).
Emission from donor (Cy3) and acceptor (Cy5) dyes are collected by oil immersion objective,
filtered for excitation and separated by dichroic mirror to create an offset in imaging plane
between two channels. Resulting side by side image of donor and acceptor emission
wavelengths is focused on EMCCD (Andor Xion) camera for recording. Donor and acceptor signal
from each spot are converted into time series by homemade IDL code. Corresponding FRET
efficiency curves, and temporal measurements on the time series data is performed by

homemade MATLAB code.
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2.5.3.2 Rep protein and DNA substrates

We used single cysteine mutant of Rep is labeled with Cy3 at position 333 for modified
DNA translocation experiments. Residue 333 of Rep is located at the leading end during the
translocation for maximum FRET efficiency change during translocation. All the mutants were
confirmed for their in vivo and in vitro activity. Partial duplex DNA substrates comprise a 18-bp
double strand DNA region and a 3' polythymidine tail dTg. Cy5 is located at the junction of
duplexed DNA and ssDNA. Modified strands obtained from IDT DNA, lowa City, lowa and Tim
Lohman group at Washington University. Fluorescently labeled and biotinylated DNA oligos
were purchased from IDT DNA. Oligos were annealed by using slightly more molar ratio of non-

biotinylated strand (1.2x) and slowly cooling from 90C to room temperature in a heating block.
2.6 Conformational dynamics of 2B subdomain during
ATP Hydrolysis®

The conformational states of E. coli Rep helicase undergoing ATP hydrolysis while bound
to a partial duplex DNA (pdDNA) were studied using single-molecule FRET(128). Crystallographic
studies showed that Rep bound to single-stranded DNA can exist in open and closed
conformations that differ in the orientation of the 2B subdomain. FRET measurements between
eight Rep mutants, donor-labeled at different residues, and pdDNA, acceptor-labeled at the
junction, were conducted at each of the four nucleotide states. The positions of donor-labeled
residues, based on crystal structure, and FRET measurements between these donor molecules
and the acceptor fluorophore at DNA junction were used to predict the most likely position for
the DNA junction using a triangulation algorithm. These predicted junction positions are
compared with the crystal structure to determine whether the open or closed conformation is
more consistent with the FRET data. Unexpectedly, our data revealed that there are two distinct
Rep-pdDNA conformations in the ATPyS and ADP states. The primary conformation is similar to
that observed in nucleotide-free and ADP.Pi states, and the secondary conformation is a novel
conformation where the duplex DNA and 2B subdomain moved as a unit by 13 A relative to the

rest of the protein.

" The content in this subsection was reproduced with permission from “Single-Molecule Nanopositioning:
Structural Transitions of a Helicase-DNA Complex during ATP Hydrolysis”, Balci, H., Arslan, S., Myong, S., Lohman, T.
M. & Ha, T.. Biophys J, 101(4), 976-984 (2011). Copyright (2011) Elsevier.

43



2.6.1 Triangulation using FRET Nano-positioning System

We used prism-type total internal reflection microscopy (see Figure 2.18 a and Materials
and Methods for details of the experimental assay) and smFRET (112) based triangulation.
Nucleotide-free, ATPyS, ADP-vanadate (ADP.Vi), and ADP states were studied as ATP hydrolysis
intermediates. ATPYS is a slowly hydrolysable ATP analog that mimics the ATP state, and ADP.Vi
mimics the ADP.Pi state (129, 130). Eight Rep mutants, each labeled at a different site with a
single Cy3 fluorophore (see Figure 2.17 b), and a pdDNA labeled with a single Cy5 at the duplex-
single strand junction were used (see Materials and Methods for DNA sequence and fluorophore
location). Labeling sites were distributed on Rep as shown in Figure 2.17 b: two residues within
the 1A subdomain (43 and 233), one residue within the 1B subdomain (97), three residues
within the 2A subdomain (310,316, and 333) and two residues within the 2B subdomain (473
and 486). All eight single cysteine mutants are functional in vivo and in vitro (72). Initially, we
studied binding of Rep with pdDNA of various tail lengths to find an optimal tail length
(Supporting Materials). A pdDNA having an 18-bp duplex and a 16 nucleotide 3’ ssDNA tail
(referred to as pdT16) was selected as the optimal substrate. Even though this tail length, 16 nt,
is long enough to in principle accommodate two Rep monomers, the low protein concentration
(1 nM) makes this unlikely. In addition, all traces were individually screened and those that
showed more than one donor photobleaching step were excluded from analysis, ensuring
binding of a single protein to DNA. Overall, eight Rep mutants and one DNA construct were

studied in four different nucleotide states, resulting in 32 different FRET measurements.

Our analysis has two sets of input; donor fluorophore locations determined by Rep
crystal structures and the measured efficiencies of FRET between these donor fluorophores and
the acceptor fluorophore. These two inputs are used to determine the location of the acceptor
fluorophore, which represents the location of the DNA junction, relative to Rep. We can also
determine if the results are more consistent with the open or closed conformations using
qguantifiable metrics. The consistency check of the FRET data with the open or closed
conformation is based on the agreement between the predicted junction position from
triangulation analysis and the expected location based on the crystal structure. This procedure

was repeated for all four ATP hydrolysis intermediates.

Figure 2.18 b shows an example time trace of fluorescence intensities of the donor and

acceptor signal for Rep labeled at residue 333 in the nucleotide-free state. Most traces have
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constant FRET efficiencies and do not show transitions to other FRET efficiencies. Figure 2.19
shows the FRET efficiency histograms, each representing several hundred Rep-pdDNA
complexes, for Rep labeled with a Cy3 at a different residue and DNA labeled with a Cy5 at the
junction. Each row represents a different Rep construct (in Rep43, Rep97, Rep233, Rep310,
Rep316, Rep333, Repd73, Rep486 order from row A to row H, respectively), and each column
represents a nucleotide state (in the nucleotide-free, ATPyS, ADP.Vi, and ADP order from the
first to fourth column). The peak positions are summarized in Table 2.1. The histograms showed
distributions that could be described with one or a sum of two Gaussian functions. In the
nucleotide-free state, 7 out of 8 Rep constructs and in the ADP.Vi state all 8 constructs showed a
single peak. In contrast, 5 out of 8 constructs showed two peaks for both the ATPyS and ADP
states, indicating at least two different conformations. Single molecule time traces showed
occasional transitions between the two states, which were more frequent during the initial
binding of the protein to the DNA, i.e. the protein binds in one conformation and transitions into
the other conformation after a short dwell (<1 sec). Examples of these transitions are shown in
the Figure 2.24. Interestingly, Rep labeled on either residue within the 2B subdomain (473 and
486) shows a single peak in both ATPyS and ADP states (Table 2.1). Therefore, in the two
conformations, the 2B subdomain may have the same relative position against the partial duplex
junction. Because the crystal structures of UvrD and PcrA bound to a 3’-tailed pdDNA showed a
2B-dsDNA interaction, we suggest that the two conformations we observed here involve a
coordinated motion of 2B and dsDNA relative to the rest of the protein composed of the 1A, 2A

and 1B subdomains.

The single molecule measurements made here revealed multiple conformations which
had not been observed previously. However, the presence of multiple conformations presents a
technical challenge, especially for the triangulation analysis because in principle there are 32
(=2°) possible ways of linking two different FRET states for each of the five Rep constructs that
showed two populations. Presently, there is no generalizable solution for this problem. In an
earlier study, Choi et al (131) chose the FRET state with the dominant population for each
construct to perform triangulation for the major population. However, in our case, the two FRET
states show similar populations for most constructs. Instead, we assumed that one of the two
conformations in the ATPYS or ADP states is similar to that of the ADP.Vi state (primary
conformation). With this assumption, we picked the FRET states with FRET values closer to those

of the ADP.Vi values and grouped them into Set 1. The remaining FRET states were grouped into
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Set 2. The residues that have a single peak are grouped in both sets. For example, for Residue 43
ATPyS state, the two peaks are 0.48 and 0.78. The ADP.Vi peak for Residue 43 is 0.52. Since 0.48
is closer to 0.52, it is grouped into Set 1 and 0.78 is grouped into Set 2. Hence, Set 1 for ATPYS
state is (in increasing residue number order): (0.48, 0.65, 0.53, 0.66, 0.81, 0.70, 0.80, 0.79) and
Set 2 is: (0.78, 0.89, 0.77, 0.66, 0.55, 0.85, 0.80, 0.79). Similarly, Set 1 of ADP is: (0.50, 0.69, 0.51,
0.59, 0.79, 0.71, 0.74, 0.81) and Set 2 is: (0.72, 0.94, 0.71, 0.59, 0.57, 0.89, 0.74, 0.81).

Triangulation analysis was then applied to each set to determine the junction position
relative to the protein using the method developed by Muschielok et al. (132). The method is
called FRET Nano-Positioning System (FRET NPS) and it employs a Bayesian algorithm to
calculate the most likely position, e.g. the positions at which the probability distribution has the
maximum value, and the probability distribution of possible positions. In our case we used eight
FRET values and FRET NPS to determine the position of the acceptor fluorophore, hence DNA
junction, and the uncertainty associated with this position. The uncertainty arises from several
factors including the uncertainty in the measured FRET values, the available volume for the
fluorophore on the protein surface, the length of the linker connecting the fluorophore to the
protein or to the DNA, and the distribution of the Forster radius. To estimate the uncertainty,
we modeled each donor position based on the Rep crystal structure to determine the available
volume for each fluorophore. In addition, we used an uncertainty of £0.05 for all experimental
FRET efficiency values, and modeled the distribution of the Foérster radius for each donor-
acceptor pair based on anisotropy measurements of the corresponding labeling site on the
protein. Finally, we used a linker length of 5 A for both the Cy3-Rep linker and the Cy5-DNA

linker.

The results for Set 1 of the ADP state are shown in Figure 2.20a when the Rep structure
in the closed conformation is used for the analysis (white mesh), in Figure 2.20b for the open
conformation (cyan mesh) and in Figure 2.20c for the case in which the 2B residues were
excluded from the analysis (orange mesh). The mesh structure represents an envelope of
possible locations determined using an isovalue of 1.0 which corresponds to the smallest
possible envelope that encloses the sought position with 68% certainty. Imposing a smaller
isovalue results in a larger envelope as higher certainty is required. Due to the difficulty in
conveying the 3D distribution as a 2D projection in a figure, we refer the reader to 360° videos

in Supporting Material.
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The common characteristic of all the nucleotide states is that when the 2B residues are
not included in the analysis, the probability density spans a broad arch as in Figure 2.20 c.
Including the 2B residues in the closed or open conformations localizes this arch into a single
small pocket (as in Figure 2.20 a) or into two small pockets (as in Figure 2.20 b). If we then
increase the isovalue, both envelopes shrink but one disappears earlier than the other. What
remains as we increase the isovalue is considered the most likely pocket. In this way, we
determined the most likely position for all nucleotide states and conformations (Figure 2.21 a-b
and Table 2.2). As detailed at the end of this section, the mesh size can be taken as an indicator
of resolution and the most likely positions are used to infer whether our data is more consistent

with the open or closed conformation as we discuss next.

2.6.2 Comparison to Open and Closed Conformations

We performed two related analyses in order to decide whether the open or closed
conformation is more consistent with our data. The first analysis is based on the distance
between the most likely junction position (Table 2.2) and the 5’-end of the ssDNA in the crystal
structure of Rep. These distances are given in the third column of Table 2.2. Because our DNA is
a 3’-tailed partial duplex, we expect that the partial duplex junction will be close to the 5’ end of
the ssDNA seen in the crystal structure of Rep. The junction positions predicted by the closed
conformation are concentrated in a region 19 A away from the 5’-end of the ssDNA. On the
other hand, the junction positions predicted by the open conformation are populated in two
regions both of which are about 32 A away from the 5’-end of ssDNA. The 19 A deviation in the

closed conformation is within the uncertainly dictated by the dsDNA diameter and the linker.

In the second analysis, the junction position determined for the closed conformation of
Rep is compared with that obtained in the crystal structures of UvrD-pdDNA complexes. To
facilitate this comparison we mapped the UvrD-pdDNA complex onto the Rep-ssDNA complex
based on the alpha-carbons in the 1A and 2A subdomains of the two proteins. Figure 2.22 shows
this mapping, along with the predicted fluorophore position from our triangulation analysis.
UvrD is shown in gray, the pdDNA in magenta, the predicted position for the ADP.Vi state in
white mesh, and the Rep domains are shown in the same colors we used in the other figures. As
can be inferred from Table 2.2 the most likely positions for the other nucleotide states of the
closed conformation would also occur in similar positions. As shown in Figure 2.22, there are

remarkable structural similarities between the two proteins. In fact, even such a simple mapping
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results in an almost identical path for ssDNA within the two helicases (data not shown). The
ssDNA-dsDNA junction position, assumed to be the center point of the 20 A wide dsDNA is 16 A
from the predicted position for the closed conformation. Given that the fluorophore is attached
to the junction via a 5 A long linker and that we are comparing two similar but different
helicases, the 16 A distance between the two positions is an acceptable result. A similar analysis
using the open conformation data gave significantly larger deviations ranging between 25-44 A
for different nucleotide states, as given in the last column of Table 2.2. This analysis further

supports the better consistency of the closed conformation with our data.

2.6.3 Multiple Conformations for ATPyS or ADP

An interesting and unexpected finding of this study is that we observe multiple
conformations of the Rep-DNA complex in the ATPyS and ADP-bound states. Here, we consider
these multiple conformations in more detail, focusing on the closed conformation as it is more
consistent with our data. The predicted junction positions for Set 1 of the ATPyS data and Set 1
of the ADP data are identical to each other and are in close proximity, within 6 A, to the
positions predicted by the nucleotide-free and ADP.Vi states (Table 2.2). This is expected
because of the choices made in selecting Set 1. The positions predicted by Set 2 of the ATPyS
data and Set 2 of the ADP data are also almost identical to each other (2 A deviation), but are
significantly different, by about 15 A, from the positions that are prevalent in the other
nucleotide states. Furthermore, the junction positions predicted by Set 1 and Set 2 differ by
about 15 A, which is much larger than what one would expect from rearrangement of the two
RecA-like domains of Rep during ATP binding and hydrolysis. Therefore, these two cases should
be considered different conformations of the Rep-pdDNA complex and they will be referred to
as the primary (result of Set 1 peaks) and secondary (result of Set 2 peaks) conformations.
Interestingly, the residues in the 1A, 1B, and 2A subdomains all show double FRET peaks when
bound to ATPYS and ADP whereas the residues within the 2B subdomain show only single FRET
peaks in these nucleotide states (Table 2.1). We interpret this to indicate that the 2B subdomain
moves in synchrony with the duplex DNA, and hence has the same relative distance to the
junction in both conformations, resulting in a single FRET peak. On the other hand, the other

subdomains move relative to the duplex DNA in the primary and secondary conformations.

The different junction positions predicted for the primary and secondary conformations

are also reflected in the distances of these positions to the 5’-end of ssDNA or to the junction
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position predicted from Rep UvrD mapping (last two columns of Table 2.2). In addition to these
guantitative differences, the positions predicted by the secondary conformation (Set 2) in the
ATPyS and ADP states are buried within the 1B subdomain of Rep, which is not an acceptable
position for the junction. Therefore, the secondary conformation is likely to be significantly
different from what is observed in the crystallographic structures. One possibility is that the 2B
subdomain itself may have an orientation distinct from both the open and closed
conformations. A clash between the predicted junction location and the 1B subdomain also
exists for the primary conformation but at a much smaller extent. In primary conformation case,
the most likely position is outside the 1B subdomain and does not clash with it, even though the
mesh volume partially overlaps with 1B subdomain (Figure 2.20 a). Therefore, the primary
conformation we deduced here is consistent with the closed conformation of Rep observed in

the crystal structure.

2.6.4 Discussion

The surprising finding of two FRET populations for the 1A, 1B, and 2A subdomain
residues in the ATPYS and ADP states has been interpreted as multiple conformations in these
nucleotide states. The single FRET populations in the 2B residues (473 and 486) have motivated
the interpretation of a coordinated movement of the 2B subdomain with the duplex DNA. As the
acceptor fluorophore is located at the ss/dsDNA junction, alternative scenarios including
junction dynamics or dsDNA melting at the junction should be discussed as alternative
explanations of our data. The first scenario to consider is whether junction dynamics, e.g.
junction stabilizing in two different locations or transitioning between two different locations
while Rep remains essentially static, could be the reason for multiple FRET peaks. In this
scenario, as Rep is static while the junction is moving, we would expect multiple FRET
populations for all residues regardless of where on Rep they are located. However, our data
shows multiple populations for 1A, 1B, and 2A residues, while the 2B residues demonstrate a

single population, making this scenario unlikely.

Another scenario to consider is whether different levels of Rep-induced duplex junction
melting in different nucleotide states could result in multiple FRET peaks or influence the FRET
results in significant ways. Numerous single molecule measurements have been performed on
Rep-pdDNA complexes and junction melting due to Rep monomer binding has not been

observed to take place at detectable levels (58, 72). In addition, crystal structure studies on
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UvrD and PcrA in complex with pdDNA and different ATP hydrolysis intermediates do not show
any junction melting upon helicase binding. Even if we consider melting of a base pair at the
junction, the junction would be displaced by about 3 A from the Rep helicase. This would not be
adequate to explain the 13A separation we observe between the primary and secondary
conformations. In fact, 13A separation would require 4-5 base pairs to unwind upon Rep
binding, which has not been observed before. Finally, junction melting would affect all the Rep
mutants similarly, regardless of where the fluorophore is, hence the different behavior for the

2B and non-2B residues cannot be explained by this scenario either.

Another possibility to consider is whether partial occupancy of ATPyS, i.e. binding to
some Rep monomers but not others, could be the reason for two conformations in the ATPyS
states. As we demonstrate in Supporting Materials Figure 2.25 10 uM ATPyS is enough to
saturate Rep binding, and at the experimental concentration we use, 500 uM ATPyS, all Rep
molecules should be bound by ATPyS. A related scenario that could be considered is whether
slow ATPYS hydrolysis gives rise to two different conformations. Single molecule traces do show
occasional transitions between the two FRET states for some Rep constructs (Rep 43, 97, 233,
316, and 333), as demonstrated in Figure 2.24, but not for all of them (not observed for Rep310,
473, and 486). If ATPyS hydrolysis were the reason for the observed dynamics, we would have
expected to observe it for all constructs. Hence, we do not think this scenario is consistent with

our data.

An important question that should be considered is what the potential biological
significance is for having two conformational states in ATPyS and ADP states while a single
conformation is observed in the ADP.Vi state. Because the ATPase reaction would proceed from
the ATPYS state to the ADP.Vi state and then to the ADP state, we can speculate that the ATPase
reaction may proceed in two pathways upon ATP binding. The two pathways would then merge
upon ATP hydrolysis and then diverge again when Pi is released. These multiple pathways may
provide a mechanism of regulation of helicase activity, depending on the functional context. If
multiple pathways and conformations already exist in the enzyme-DNA complex, one can
imagine that changes in the environment or functional context can enable the selection of one

of the existing conformations without having to induce a new conformation.

The resolution of our method can be estimated from the size of the mesh structures, i.e.

size of one of the pockets of probability distribution in Figure 2.20 a. Quantitatively, the
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resolution is characterized by the standard deviation of the most likely position of the
probability distribution. For the closed conformation a single pocket of probability distribution is
obtained in 5 out of 6 cases, whereas this number is 2 out of 6 for the open conformation. This is
another reason why the open conformation is less likely because it resulted in a broader
probability distribution compared to the closed conformation. In all single pocket cases of the
closed conformation, the mesh structures have a standard deviation of about 10 A which

corresponds to a standard deviation of about 6 A in x, y, and z directions.

Finally, we can examine the consistency of the triangulation analysis by including
different numbers of residues in the analysis using the ADP state as an example. The standard
deviation in the most likely position of the junction gradually increases from 8 A to 12 A when
the number of residues was decreased from eight to three, about 1 A per eliminated residue.
However, using five residues or less resulted in a second pocket appearing in the probability
distribution for all studied cases. Not including both 2B residues in analysis was an exception as
it resulted in an abrupt decrease in resolution, which we believe is due to non-uniform
distribution of the labeled residues. On the other hand, the most likely positions did not change
significantly regardless of the number of constraints used and were all within 8 A each other,

demonstrating the robustness of the analysis and consistency of the data.

2.6.5 Conclusion

This study has several important conclusions for the conformational state of Rep
helicase when in complex with pdDNA and an ATP hydrolysis intermediate (nucleotide-free,
ATPyS, ADP.Pi and ADP studied). First of all, our data is more consistent with Rep being in a
closed conformation with respect to its 2B subdomain, than the open conformation, for all ATP
hydrolysis intermediate states. This conclusion is also consistent with the crystal structure
studies on related helicases such as UvrD and PcrA. However, we show that in the ATPyS and
ADP bound states the Rep-pdDNA complex show evidence of at least two conformations
whereas the crystal structures of UvrD showed only one conformation. Hence, studies of static
crystal structures do not capture the fully dynamic aspects of this complex under these
conditions. During this reconfiguration between the two conformations, the 2B subdomain
rotates with the duplex DNA. This may result in a tension change between the single stranded
portion and the enzyme’s motor domains (2A and 1A) although at present we do not know the

functional roles of these movements. A speculative biological significance of having multiple
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conformations could be the possible ability to select one pathway over another, which could in
turn regulate helicase activity, depending on the environmental conditions or functional
context, without having to induce new conformational states. Finally, we demonstrate that FRET
based triangulation analysis is capable of providing 10 A resolution in absolute position, which
should be enough to address many other biological questions. In particular, we believe a
triangulation analysis would be particularly powerful in structural problems involving multiple
biological entities (131), e.g., dimerization conformation of two proteins or assembly
conformation of a multi-protein complex on a DNA substrate, since such problems could be very

difficult to address using more conventional methods such as X-ray crystallography.

2.6.6 Materials and Methods

2.6.6.1 DNA substrate and Labeled Rep Mutants
The DNA substrates were formed by annealing ssDNA of sequence 5'-Cy5-

GCCTCGCTGCCGTCGCCA-Biotin-3’ with a ssDNA of sequence 5'-

TGGCGACGGCAGCGAGGCTTTTTTTTTTTTTTTT-3'. The ssDNA molecules were ordered from IDT
DNA. A detailed protocol of protein purification and labeling has been published elsewhere (72)
hence will not be detailed here. Briefly, the five native cysteines were replaced with C18L, C43S,
C167V, C178A, and C612A, and a “Cys-free” mutant was made. Then eight different “Cys-light”
mutants each containing a single cysteine were produced (pRepS43C, pRepA333C, pRepS316C,
pRepA310C, pRepS233C, pRepA97C, pRepA473C, and pRepS486C). None of these eight sites are
within the known helicase motifs, they are not shared among Rep, UvrD and PcrA, and they are
well exposed on the surface of the protein making them ideal for labeling. These Cys-light
mutants were then labeled by mixing them with excess amounts of Cy3 maleimide with about
90% efficiency. The ATP hydrolysis and DNA unwinding activities of the Cys-light proteins and

labeled proteins was measured and found to be at least 75% of the wild-type proteins (72).

2.6.6.2smFRET Assay

Single molecule measurements were performed using a prism type total internal
reflection microscope (Olympus IX50) and an electron multiplying charge-coupled device camera
(iXon DV 887-Bl EMCCD, Andor Technology, CT). Both the quartz slide and the glass cover slip
that formed the sample chamber were coated with biotin functionalized polyethylene glycol
(PEG) in order to reduce non-specific binding of DNA and proteins. All single-molecule

measurements were performed in a saturated Trolox (2 mM, Calbiochem) buffer containing an
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oxygen scavenging system [0.1 mg/ml glucose oxidase, 0.02 mg/ml catalase (Roche,
Indianapolis, IN), 0.8% (w/w) dextrose, and 1% v/v 2-mercaptoethanol], 10 mM MgCl,, 15 mM
NaCl and 0.1 mg/ml BSA. This buffer increases the photo-stability and suppresses the blinking of
the fluorophores. 500 uM of ATPyS, ADP.Vi or ADP were used as ATP hydrolysis intermediates.
Fluorescence images were acquired at an integration time of 100 msec. Movies of 700-1200
frames were recorded at 8-bit format and analyzed using custom programs written in Matlab.
Finally, crystal structure data and results of our triangulation analysis were superimposed using

the software Visual Molecular Dynamics (VMD, http://www.ks.uiuc.edu/Research/vmd).

2.6.6.3 Triangulation

Triangulation is a method in which the location of a point is determined by using the
distance between this point and three other points. As in Global Positioning Systems, three
distances are the minimum required constraints in order to reduce the possible locations to two
points, one of which is typically not relevant to the system of interest. At the molecular level,
FRET based triangulation has been used to obtain structural information in physiologically
relevant solution conditions (72, 132-134). In our case, we measure the FRET efficiency between
a Cy3 labeled residue on Rep and a Cy5 labeled nucleotide on DNA. Under these conditions, we
typically get a distribution of FRET efficiency values, suggesting that a range of donor-acceptor
separations is sampled for each protein-DNA pair. Multiple binding sites on DNA, the flexibility
of linkers that attach the fluorophores to DNA or protein, and possible dynamics in the binding
conformations of the Rep-DNA complex may all contribute to the distribution. Under such non-
ideal conditions, using more than 3 constraints would make the analysis more rigorous and less
prone to potential errors that might occur. In our case, we determine the position of a Cy5
acceptor by measuring the FRET efficiency between this acceptor and 8 independent donors,
distributed on various residues on Rep. We used the FRET NPS program by Muschielok et al. for
this analysis (132).
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Figure 2.1 Rep helicase repetitively shuttles on 5' overhang DNA. Cartoons represent the
experimental designs. Red and green balls represent Cy5 and Cy3. Rep molecules are shown in
yellow. Histograms for the durations of the full translocation cycles, At, are plotted for each
experiment. a. Cy3 labeled Rep and Cy5 label at the junction produced reverse sawtooth pattern
(blue) in Erger. Reverse sawtooth pattern shows that the dye to dye distance gradually increases
and abruptly comes back to original position b. Cy5 labeled Rep and Cy3 label at the 5’ end yield
regular sawtooth pattern. This is indicative of gradual decrease of distance between the dyes
followed by sudden increase. c. Same as b except unlabeled Rep was used. Protein induced
fluorescent emission profile of Cy3 shows Rep slowly approaches to 5’ end and suddenly jumps
back to the start position to repeat the process. d. Cy3 fluorescence lifetime is measured on a
TCSPC setup. Repeating pattern has similar periods to those shown above.
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Figure 2.2 Encapsulation of Rep and ssDNA. Cy5 labeled free ssDNA and Cy3 labeled Rep is
trapped in a vesicle. Rep can repetitively translocate on free ssDNA as shown in the fluorescence
traces. Histogram shows the distribution of shuttling periods.
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Figure 2.3 Repetitive shuttling on free ssDNA. Surface bound Rep binds and translocates
repetitively on free ssDNA. Cy3 fluorescence trace shows the binding of DNA and repetitive
shuttling indicated by gradual increase and sudden drops. Fluorescence enhancement of Cy3
occurs due to approaching protein.
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Figure 2.4 Repetitive translocation on ssDNA flanked by duplex (ds-ss-ds DNA). Cy3 labeled Rep
exhibits repetitive shuttling on 40 nt ssDNA stretch in between the duplex DNA ends. Histogram
shows the distribution of translocation periods.
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Figure 2.5 3' end recognition facilitates repetitive shuttling. Cartoon represents the
experimental assay. 100 uM poly-dT ssDNA was injected during the repetitive translocation of
Rep. The histogram on the left shows the distribution of dissociation FRET efficiency values
when buffer with no DNA was flowed in. In comparison, the histogram on the right shows the
same distribution after the buffer with 100uM ssDNA was injected. ssDNA clearly promotes Rep
dissociation when Rep reaches the junction that coincides with the snap back events.
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Figure 2.6 Conformational change during translocation 5’. Dual labeled Rep (DM1) translocates
on unlabeled 5’ overhang substrate. Gradual closing and sudden opening of 2B subdomain is
evident in the FRET efficiency traces. Period of the cycles is similar to the translocation period.
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that of unmodified substrate.
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Figure 2.8 Representative repetitive translocation traces of biochemical mutants of Rep.
Repetitive shuttling traces of Cy3 labeled mutants that were obtained on 3’-overhang pdT80
substrate show faster, slower and inhibited translocation characteristics.
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Figure 2.9 Translocation speeds of biochemical Rep mutants. Normalized translocation speeds
of mutants are plotted. Speeds were measured on smFRET repetitive shuttling assay and

normalized by the speed of the baseline Rep (RepA333C, a single cysteine wild type like mutant
(58)).
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Figure 2.10 A diagram summarizing the experimental scheme (not to scale). (Left) A home-built
prism-type total internal reflection microscope with two-color fluorescence detection. (Right)
The encapsulation assay. A supported lipid bilayer (a single membrane layer is depicted as one
gray stripe) is first formed on a quartz coverslide (yellow) as a cushion. SUVs are then
immobilized on the lipid cushion through biotin (brown dots)-streptavidin or neutravidin (blue)
linker. The aHL pores on the SUV are shown also in blue. Encapsulated inside SUVs is the
biomolecule (orange), depicted in folded and unfolded conformations at two and eight o’clock
positions, respectively. The molecule is labeled with a donor (green) and an acceptor (red) which
serve as FRET probes. The star shape represents the brighter fluorophore. Black circles
represent the chemical agent (e.g., Mg®* or ATP) relevant to the reaction under study.
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Figure 2.11 (a) Rep helicase labeled with donor, and DNA labeled with acceptor at the junction
depicted as coencapsulated within a porous SUV. Partial duplex DNA is an 18-bp double strand
carrying a (dT)g tail. (b) Rep shuttling data obtained from surface-tethered DNA (modified from
ref. (58)) with a same length tail. Inset shows a single translocation event where the gradual
increase in the acceptor signal (with accompanying decrease in the donor signal) reflects
translocation of Rep toward the junction, whereas the abrupt drop marks the snapping back to
the 3’ end. The translocation time (At) is defined as the period between consecutive snapping
events. Individual cycles of shuttling separated in time are due to different Rep molecules from
solution binding on the same surface-attached DNA and exhibiting limited repetitive
translocations until dissociation. (c) FRET trace of Rep shuttling on a (dT)g, DNA within 100 nm
diameter porous SUVs. In marked contrast to the surface experiments, a single Rep-DNA pair
shows over 140 translocation events until acceptor photobleaching near 130 s). Time resolution
was 30 ms. (d) At histograms can be built from a single Rep—-DNA pair. Similar statistics for
surface measurements (b) can only be obtained by merging data from translocations events
from many shuttling cycles exhibited by different Rep molecules.
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Figure 2.12 Rep helicase translocation inside a porous nanocontainer. Cy3 (donor) labeled Rep
helicase and Cy5 (acceptor) labeled partial duplex DNA have been coencapsulated within
eggPC/Chol vesicles. The data taken at 16, 22, 30, and 33 °C are shown at the top. From these
time traces, the translocation period, At, was measured and plotted as a histogram. Average At
values from Gaussian fits of these histograms are shown on the plot.
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Figure 2.13 Rep translocation apparent activation energy. Arrhenius plot of Rep helicase
translocation time (At) along partial duplex (dT) g and its fit are shown above. The data points
have been fitted to a line and obtained the apparent activation energy of 82+3 kJ/mol.
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Figure 2.14 Effect of DNA modifications on Rep translocation. a) Cartoons represent the assay
that a Cy3 (green ball) labeled Rep molecule is translocating on the 3’ overhang of a partially
duplex DNA labeled with Cy5 (red ball) and modification sites are listed in the table. B-C)
Histograms of the shuttling period distributions and the plot of the average translocation time
on modified DNA with equivalent 80 nt poly-dT length.
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Figure 2.15 FRET traces of Rep translocation on modified DNAs. FRET efficiency traces from
many translocation cycles superimposed and plotted as density maps for 4 different substrates.
Start of each translocation cycle is synchronized. pdT80 is 18-bp DNA with non-modified dTg,-3’
overhang. Modification nomenclature is listed in Figure 2.14.
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Figure 2.16 Gradient of FRET efficiency profiles. Ensemble average of time derivative of FRET
profiles are plotted against the FRET efficiency. Local deviations from bell curve of non-modified
DNA translocation (grey curve) means Rep stops at the deviation points momentarily, but

continues afterwards.
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Figure 2.17 Rep structure (PDB ID: 1UAA and reference (11)) and labeling sites. Rep in (a) open
conformation and (b) closed conformation with labeled residues shown as white spheres. Color

coding of Rep subdomains: yellow 1A; red 2A; green 1B; blue 2B.
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Figure 2.18 (a) Experimental configuration. (b) Representative time traces of a single Rep
(donor-labeled) bound to a DNA (acceptor-labeled). Green line is the donor intensity, and the
red line is the acceptor intensity. The donor photobleaches at time=28 sec. The inset shows the
FRET efficiency.
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Figure 2.19 Histograms of single molecule FRET efficiency between Cy3-labeled Rep constructs,
labeled at the indicated residue number, and Cy5-labeled DNA (label at the junction of a partial
duplex DNA). Each row represents a Rep construct in the following order: Rep43, Rep97,
Rep233, Rep310, Rep316, Rep 333, 473, Rep486 from row A to row H, respectively (see

Table 2.1 for the subdomain that each residue belongs to). The columns represent the
nucleotide states in the following order: Nucleotide-free 1st column; ATPyS 2nd column; ADP.Vi
3rd column; ADP 4th column. Single or double Gaussian fits are also shown.

67



Figure 2.20 Probability distributions of optimal positions of the Cy5-labeled junction predicted
by triangulation analysis, using FRET NPS, for the ADP state (Set 1). Color coding of Rep
subdomains: yellow 1A; red 2A; green 1B; blue 2B. The predictions for (a) closed conformation
(white mesh) and (b) open conformation (cyan mesh) are shown. In (c) 2B residues are excluded
from the analysis (orange mesh) and the results of open (cyan) and closed (white) conformation
results are also shown for comparison purposes.

. ADP Set 2

Figure 2.21 The most likely positions of the Cy5-labeled junction for (a) closed (b) open
conformations for all nucleotide states are shown as colored spheres. In both figures most likely
positions for Setl of ATPyS and Set 1 of ADP are shown with a single yellow sphere as they are
exactly the same. Color coding of spheres for both figures: nucleotide-free shown in orange,
ATPgS Set 1 and ADP Set 1 shown in yellow, ADP.Vi shown in purple, ATPYS Set 2 shown in red,
and ADP Set 2 shown in cyan. Color coding of Rep subdomains: yellow 1A; red 2A; green 1B;
blue 2B.
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Figure 2.22 UvrD-pdDNA complex mapped onto Rep. The prediction of the junction position for
the closed conformation is shown in white mesh for the ADP.Vi state. Same color coding is used
for Rep subdomains.
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Figure 2.23 FRET efficiency between Cy3 on Rep, at Residue 333, and Cy5 at 5 junction of
pdDNA that has varying tail lengths of 10T, 14T, 16T, 18T, 40T, and 60T. As the tail length gets
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longer, Rep binds at locations away from the junction. However, even at tail lengths of 40T and
60T a significant population binds close to the junction forming a second peak in the
distribution. We interpret this as a preference for Rep of binding to the vicinity of junction.
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Figure 2.24 Sample single molecule traces demonstrating transitions between different FRET
levels for ATPyS state.
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Figure 2.25 Rep-ATPyS binding saturates at ATPyS concentrations as low as 10 puM. Hence, at
500 uM ATPYyS concentration, we expect all Rep molecules to be bound by ATPyS.
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2.8 Tables

Summary of FRET Peaks

Residue Res 43 Res 97 Res 233 | Res 310 | Res 316 | Res 333 | Res 473 | Res 486
Domain (1A) (1B) (1A) (2A) (2A) (2A) (2B) (2B)
Nt-free |0.38/0.67 |0.59 0.48 0.66 0.69 0.82 0.68 0.87
ATPgS [0.48/0.78 |0.65/0.89 |0.53/0.77 |0.66 0.55/0.81 |0.70/0.85 |0.80 0.79
ADPVi 0.52 0.68 0.57 0.76 0.76 0.73 0.71 0.84
ADP 0.50/0.72 0.69/0.94 |0.51/0.71 |0.59 0.57/0.79 0.71/0.89 |0.74 0.81

Table 2.1 Summary of FRET Peaks. FRET efficiency peaks for all 32 measurements are shown. In
the cases where two Gaussians were required to fit the data, the corresponding peaks are
separated by “/”, e.g. 0.38/0.67 means the data were fit by two Gaussians which were centered

at FRET efficiency values of 0.38 and 0.67.
CLOSED CONFORMATION

State Most Likely Pos.|Dist. to 5'-end (A) [Dist. to Junc. (A)
Nt-free (24,10,90) 17 14
ATPgS-1 (20,12,90) 20 16
ATPgS-2 (16,24,94) 27 26
ADPVi (20,14,90) 19 16
ADP-1 (20,12,90) 20 16
ADP-2 (18,24,94) 25 25

OPEN CONFORMATION

State Most Likely Pos.|Dist. to 5'-end (A) [Dist. to Junc. (A)
Nt-free (58,36,88) 32 44
ATPgS-1 (2,12,80) 34 25
ATPgS-2 (44,42,92) 31 42
ADPVi (4,14,82) 32 24
ADP-1 (2,12,80) 34 25
ADP-2 (46,42,92) 32 43

Table 2.2 Comparison of Open and Closed Conformation Results. The most likely positions and
the distances of these positions to the 5’-end of ssDNA for open and closed conformations. In
the last column of the table, the distance of the most likely positions to the junction position
estimated from UvrD-Rep mapping (Figure 2.22) is given
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Chapter 3. Unwinding and
regulation mechanism of Rep-like
helicases

Rep, PcrA and UvrD are structurally homologous 3’ to 5’ single-stranded DNA (ssDNA)
translocases and helicases that can unwind double-stranded DNA (dsDNA) utilizing energy from
ATP binding and hydrolysis. However, in vitro studies show that monomers of these helicases
have a very poor activity and cannot processively unwind DNA (40, 59, 67, 78, 135). They require
oligomerization or association with cellular partner proteins to become unwinding-capable (17,
136-143). Although structural and biochemical studies have shown how these helicases can
translocate on single-stranded nucleic acids directionally, consuming one ATP per nucleotide,
the mechanism of nucleic acids unwinding and how the unwinding activity is regulated remain
unclear and controversial (17). Since helicases that are free to unwind all nucleic acids
encountered can be detrimental to genome integrity, it is critical to understand how their

unwinding activities are regulated.
3.1 Regulation of helicase activity by protein

conformation

Crystal structures of these helicases revealed a flexible domain (2B) that can rotate 130-
160° in a swiveling motion between two conformations, referred to as open and closed
orientations (61, 62, 68, 144) (Figure 3.1a). Two conflicting views posit that the 2B subdomain
plays an inhibitory role or an active role in unwinding but no direct evidence has been found

linking these conformations to the unwinding function (55, 68, 70).

Prior studies showed that when a Rep monomer translocates on the 3’-tail of a partial
duplex DNA and approaches the duplex junction, the 2B subdomain gradually closes before the
enzyme snaps back to the 3’ end instead of unwinding the duplex ahead (58). This result led to
our hypothesis that the closed conformation corresponds to the inactive form of Rep helicase. In
this model, specific interactions between the 2B subdomain and the duplex DNA would instruct
the protein to stop translocating as a way of maintaining the unwinding activity off until other

molecular cues arrive. We aimed to test this model by engineering E. coli Rep mutants that are
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intramolecularly crosslinked to constrain the 2B subdomain in open or closed conformations.
Residues for the cysteine substitution mutagenesis and the length of the bis-maleimide
crosslinkers were selected such that when crosslinked, the 2B subdomain cannot rotate
appreciably, effectively locking the protein in one conformation (3.5.1, 3.5.2 and Figure 3.1a).
We denote the closed form crosslinked with “-X”, and the open form crosslinked with “-Y”, Rep-
X and Rep-Y. Contrary to our hypothesis Rep-X turned out to be a super active helicase, whereas
Rep-Y was not distinguishable from wild type. Furthermore, a natural partner that enhances the
helicase activity was shown to achieve its stimulating role also by selectively stabilizing the
active conformation, i.e. Rep-X like closed form. Hence our work also provides insight into how

the regulation of nucleic acids unwinding activity is achieved in nature.

Enzymatic activities of Rep-X and Rep-Y monomers were studied in single molecule and
ensemble assays employing fluorescence resonance energy transfer (FRET), total internal
reflection fluorescence (TIRF) microscopy, and optical tweezers force spectroscopy.
Mutagenesis, purification, crosslinking procedures, and validation that crosslinking was
intramolecular rather than intermolecular are described in 3.5.2: Intra-crosslinking, size

exclusion chromatography and gel electrophoresis analysis.
3.2 Engineering of a super-helicase through

conformational control

Regulation of protein function is an essential biological process; a major one among the
myriad of ways it is achieved in nature, is by conformational control of regulatory and functional
domains and residues. Artificial conformational control of biomolecular activities can reveal
functional insights and enable the engineering of novel activities. For that purpose, many novel
techniques have been developed for spatial and temporal control of protein function. They
involve crosslinking between domains, cellular partner proteins, controlled effector molecule
binding, caging moieties, affinity labels, fusion of voltage sensitive proteins that can be
activated, cleaved or isomerized upon external stimuli such as light and pH (123-126, 145-148).
However these techniques have been mainly based on inhibition of activity and removal of that
inhibition in a controlled and sometimes reversible. In that regard, this works presents a unique
case of a conformational control in which intramolecular crosslinking of a helicase monomer

with undetectable unwinding activity was not inhibited but converted into a super-helicase that
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can unwind thousands of base pairs processively even against a large opposing force. Control of
protein function and tunable enzymatic activity has great potential in medicine and
biotechnology (146, 149-153).We believe our bio-engineered monomeric super helicase without
any nuclease activity can be useful in these areas, such as next generation DNA sequencing and

isothermal DNA amplifications.
3.3 Results

If the closed form is inactive for unwinding as our initial hypothesis predicted, Rep-X
would be inefficient in DNA unwinding even at high concentrations that make the wild type Rep
active. Instead, in multiple turnover ensemble unwinding reactions using FRET-labeled DNA (see
3.5.3: Ensemble FRET unwinding assay), Rep-X unwound an 18-bp substrate with a 3’-(dT)
overhang at a much faster rate and higher reaction amplitude than the wild type Rep (Figure
3.1b-c). In contrast, Rep-Y unwinding rates were similar to that of Rep (Figure 3.2c), indicating
that the dramatic unwinding enhancement is specifically achieved in the closed conformation.
Because the large enhancement in unwinding activity observed in bulk solution can result from
the activation of a monomer or from enhanced oligomerization, we performed single molecule

FRET (smFRET) experiments to test if a single Rep-X can unwind DNA.

We immobilized Rep and Rep-X monomers to a polymer-passivated quartz surface using
antibodies against the N-terminal hexa-histidine-tag on the protein (Figure 3.3a, 3.5.4: smFRET
unwinding and RepD-PcrA interaction assays) to ensure that the observed activity belonged to
monomers (78). For the unwinding substrate, we used a 18-bp duplex DNA with a 3’-(dT)y
overhang labeled with a donor (Cy3) and an acceptor (Cy5) at two opposite ends of the DNA
duplex, allowing us identify unwinding reactions as increases in FRET efficiency (Egrer)(Figure
3.3a) (154). When the DNA and ATP were added to the reaction chamber, we could observe the
capture of a single DNA molecule by a single protein as the sudden appearance of fluorescence
signal. Subsequent DNA unwinding generated ssDNA strands that coil up due to high flexibility
and the Egzer increased (155). Once the duplex was completely unwound, the acceptor—labeled
strand was released, which was marked by sudden disappearance of the acceptor signal and
recovery of the donor signal. The donor-labeled strand then dissociated, resulting in complete
loss of fluorescence (Figure 3.3b). The mean duration of unwinding measured from the Egger
increase to acceptor strand release was around 0.6 s, giving a lower limit on unwinding speed of

30 bp/s for the 18-bp substrate (Figure 3.3c). 82 % of the DNA molecules (661 out of 809) that
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initially bound to Rep-X monomers were unwound (Figure 3.3d). In contrast, only 2 % of the
DNA molecules (13 out of 847) that bound to Rep (i.e. without crosslinking) showed unwinding,
and the unwinding yield for Rep-Y was 16 % (357 out of 2212), showing that constraining Rep
into the closed form selectively activates the unwinding activity of a monomer. The nonzero
amplitude of unwinding for Rep and Rep-Y may be due to conformational constraints caused by

surface tethering in a small fraction of molecules.

In vitro studies have shown that the unwinding processivity of Rep and related helicases
is limited even in their oligomeric forms, ranging from 30-50 bp (59, 78, 156). In order to
investigate the processivity of Rep-X, we employed a dual optical tweezers assay (Figure 3.4,
3.5.5: Optical tweezers assay, (5)) that can monitor unwinding amplitudes and speeds over
thousands of base pairs of DNA. The two traps held two streptavidin functionalized sub-micron
sized polystyrene beads. The first was coated with 6-kbp dsDNA attached via a biotin on the
blunt end and containing a 3’ poly-dT ssDNA overhang on the other end ((dT); 15,75, as specified
in figures, see 3.5.5 Optical tweezers assay). The other bead was coated with Rep-X molecules
via biotinylated antibody against the hexa-histidine-tag. A laminar flow cell with two parallel
streams of buffer was created for controlling the initiation of the unwinding reaction (Figure
3.4binset, (157)). When we brought the two beads in close proximity in the first laminar stream
(Buffer C with 100 uM ATP and 100 uM ATP-yS), a single Rep-X binding to the 3’ overhang of the
DNA formed a tether between the two beads without initiating unwinding. When we moved the
tethered beads to the second laminar stream (Buffer C and 1mM ATP), the DNA tether between
the beads progressively shortened as the Rep-X monomer unwound and pulled the DNA. Unless
otherwise stated, as a precaution, SSB was added to second laminar stream, in order to prevent
any subsequent interaction of unwound ssDNA with other Rep-X on the bead surface. The
optical tweezers experiments that were performed without SSB yielded the same Rep-X
behavior (see 3.5.5 Optical tweezers assay). By operating the trap under force feedback control,
we kept the tension on the DNA constant at 10 pN. Additional controls and considerations
ascertained that the observed activity stemmed from a single Rep-X regardless of the 3’-tail
length and inclusion/omission of SSB (see 3.5.5 Optical tweezers assay). Remarkably, 97% (29
out of 30) of the Rep-X-DNA complexes tethered through a 3’-tail unwound the entire 6-kbp
DNA in a processive manner (Figure 3.4b,d) and the average pause-free speed was 136 bp/s
(Figure 3.4c). In comparison, only 3% (2 out of 61) of wild type Rep and 7% (5 of 70) of Rep-Y

complexes displayed such processive unwinding events (Figure 3.4d). It is highly probable that
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Rep-X has even greater processivity than 6-kbp, currently only limited by the length of the DNA
used. The processive activity of a crosslinked Rep-X monomer shows the innate potential of

these helicases that can be harnessed via conformational control.

We have also determined how much force Rep-X can generate during unwinding by
performing measurements without the force feedback. Fixing trap positions (i.e. no force
feedback) led to a rapid build-up of force on the Rep-X in the opposite direction of unwinding
until the measurement was terminated due to the breakage of connection between the two
beads (Figure 3.4e). The highest loads achieved in this experiment were not enough to stall the
helicase permanently. More detailed analysis showed that the pause free unwinding rate of
Rep-X was not impeded by increasing loads up to the limits of the linear regime of our trap
(Figure 3.4f), approximately 60 pN (3.5.5 Optical tweezers assay). These results suggest that the

engineered Rep-X is the strongest helicase known to date (127, 158).

In order to test if generation of a super active helicase can be reproduced for other
helicases, thereby providing additional evidence of the conformational control mechanism, we
engineered a PcrA-X helicase from Bacillus stearothermophilus PcrA. Mutations involved
replacing two highly conserved Cys residues in this helicase (Table 3.1, Table 3.2 and Table 3.3)
which reduced the apparent ssDNA-dependent ATPase activity from ~40 ATP/s (wild type) to 5
ATP/s. Nevertheless, upon crosslinking in the closed form, PcrA-X retained the low ATPase
activity (4.3 ATP/s), but exhibited an enhanced helicase activity in comparison to both the wild
type and non-crosslinked mutant in ensemble reactions (Figure 3.6a-b). smFRET experiments
showed that PcrA-X monomers can unwind 39% (228 out of 578) of the 18-bp dsDNA they bind
compared to only 4% (26 out of 617) for wild type PcrA (Figure 3.5a-b). In the optical tweezers
assay, PcrA-X monomers, like Rep-X, were capable of processively unwinding of 1-6 kbp long
DNA albeit at a much lower rate (2-15 bp/s, Figure 3.5c) whereas no PcrA molecule (0 out of 51)
was able to do the same (Figure 3.5d). Despite the impaired activity levels of the PcrA mutant,
conversion to PcrA-X made its monomers into highly processive helicase units, thus indicating a

general mechanism of conformational control for this class of helicases.

Strong helicase activity of Rep-X and PcrA-X raises the possibility that the cellular
partners of Rep or PcrA may switch on the powerful unwinding activity intrinsic to these
enzymes by constraining them in the closed conformation. One such partner of PcrA is RepD, a

plasmid replication initiator protein from Staphylococcus aureus that recognizes and forms an
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covalent adduct with the oriD sequence of the plasmid, and then recruits PcrA for highly
processive unwinding (139, 140, 159, 160). Based on our similar results with PcrA-X and the
homologous E. coli counterpart Rep-X, but not the Rep-Y, we hypothesized that the RepD-
induced PcrA activity enhancement is in fact the result of the conformational constraint of the
helicase in the PcrA-X-like closed form. To test this prediction, we prepared an oriD DNA-RepD
adduct, and measured the intramolecular conformation of PcrA bound to this adduct (3.5.4
SmMFRET unwinding and RepD-PcrA interaction assays). We used a double cysteine mutant of
PcrA, PcrA-DM1, stochastically labeled with a mixture of donor and acceptor fluorophores that
would be expected to generate high Egzer in the closed form and low Egger in the open form (1)
(Figure 3.5e, cartoons). The Egger distributions of PcrA-DM1 bound to the oriD DNA-RepD adduct
and the oriD DNA alone are shown in Figure 3.5e. Only the PcrA-DM1 molecules with a
fluorescence active Cy3-Cy5 pair were included in the analysis. The results revealed that the
presence of RepD indeed biases PcrA toward the closed high Erer conformation. We therefore
propose that the regulation mechanism of this class of helicases involves in vivo partner proteins

that constrain the conformation of 2B subdomain to the closed form to activate its function.

3.4 Discussion

Why does constraining Rep and PcrA into the closed form convert an enzyme with
undetectable unwinding activity to a super helicase? One possibility is that the intrinsic
unwinding activity itself requires the closed form, for example via the torque-wrench
mechanism proposed for UvrD (68). Another possibility is that the open form inhibits helicase
function and crosslinking to the closed form prevents this inhibitory mechanism. We prefer the
latter for the following reasons. First, Rep-Y crosslinked in the open form does unwind DNA as
well as the wild type when the protein is at high concentrations in excess of DNA (Figure 3.2c).
Therefore, the closed form per se is not absolutely required for unwinding activity. Second, using
ultra-high resolution optical tweezers combined with smFRET capability, we found that UvrD
assumes the closed conformation when it unwinds DNA but after it unwinds about 10 bp it
switches to the open conformation and rewinds the DNA likely after strand switching (161).
Therefore, we suggest that Rep-X becomes a highly processive super-helicase because the
crosslinking prevents the open conformation required for strand-switching and rewinding that

have been observed for UvrD (161, 162) and BLM (163).
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Most conformational control of protein functions demonstrated so far first locks the
naturally active protein to an artificially inhibited conformation so that additional controls
imposed by researchers can be used to recover the original activity (123, 125, 145, 148). Our
work is distinct in that we found a conformational control that activates a naturally inhibited
unwinding function, and the resulting enzyme is a super-helicase that has unprecedentedly high
processivity for a single motor helicase. RecBCD, another SF-1 helicase, has similarly high
processivity but contains two motors and associated nucleases. Moreover it is known to
backslide at opposing forces below 10 pN whereas Rep-X can be active against forces as high as
60 pN (158). This super helicase with high processivity and high tolerance against load without
nuclease activities may also be useful for biotechnological applications such as single molecule

nanopore sequencing (164, 165) and isothermal DNA amplification (166).

3.5 Materials and Methods

3.5.1 Mutagenesis and purification of proteins

Preparation of pET expression plasmids containing cysteine-less rep (C18L, C43S, C167V,
C178A, C612A) and pcrA (C96A/C247A) with N-terminal hexa-histidine-tags were performed as
described previously (1, 72). Site directed mutations to introduce two Cys residues for
crosslinking (Rep-X: A178C/S400C, Cysl178 is a native cysteine in the wild type, Rep-Y:
D127C/S494C, PcrA-X: N187C/L409C) were done using QuikChange Lightning kit (Life
Technologies, Inc.) and mutagenic primer oligonucleotides (Integrated DNA Technologies Inc.,
Coralville, 1A). Protein purifications were performed as described previously (1, 72). Catalytic
activity levels of purified proteins as well as the crosslinked samples were determined in ssDNA
dependent ATPase activity assay using Invitrogen EnzChek phosphate assay kit (Life
Technologies Inc.), oligonucleotide (dT)s;s and 1 mM ATP in buffer D (see ensemble FRET

unwinding assay).

Wild type RepD from Staphylooccus aureuswas purified as described in (140, 159) with
the following differences. A wt-RepD encoding pET11m-RepD plasmid was constructed for
expression in B834 (pLysS). The gene sequence contained silent mutations to introduce
restriction sites for Agel, Pstl, Sacl, and to modify the nick site (TCT'AAT to TCGAAT) to prevent

premature cleavage by RepD during expression. An ammonium sulfate precipitated pellet (from
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0.5 L culture) was resuspended and run through serially connected 5 ml Q-Sepharose (removed
once the sample was through) and 5 ml heparin-Sepharose cartridges connected in series (GE

Healthcare), and eluted on an AKTApurifier 10 FPLC system.

3.5.2 Intra-crosslinking, size exclusion chromatography and gel
electrophoresis analysis

Dual-cysteine Rep mutants were incubated overnight at 4 °C with 2- to 100-fold excess
of bis-maleimide crosslinkers DTME (13 A) and BMOE (8 A) purchased from Thermo Fisher
Scientific, Rockford, IL. PcrA-X was crosslinked with DTME and BM(PEG), (14.7 A) from the same
manufacturer. Excess crosslinkers were removed by Bio-Rad P-30 desalting column. Crosslinked
Rep-X, Rep-Y and PcrA-X samples were stored at -20°C or -80°C as described (1, 72). Data
presented in this manuscript used BMOE (8 A), but other crosslinkers of various lengths gave
similar results (data not shown). DTME is a di-sulfide containing crosslinker that we reduced
with B-mercaptoethanol (B-ME) or tris(2-carboxyethyl)phosphine (TCEP) to revert the

crosslinked helicase to the wild type form for control purposes.

Crosslinked Rep and PcrA samples were separated from multimeric byproducts using
Superdex 200 grade 10/300GL or HiLoad 16/600 gel filtration columns on an AKTApurifier 10
FPLC system. The crosslinking efficiency was monitored by SDS-PAGE analysis on 7.5-10% Tris-
glycine gels (Bio-Rad). As needed for gel analysis, reduction of samples crosslinked with DTME

was achieved by 5% (v/v) B-ME during SDS denaturation step.

Crosslinking of the double Cys mutants with the bis-maleimide linkers has the potential
of producing covalently attached multimeric species, in addition to the intended internally
crosslinked monomeric species. Sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) can distinguish these species from the non-crosslinked monomers. Here we show a
representative analysis of a crosslinked Rep-Y sample. On an SDS polyacrylamide gel, internally
crosslinked monomers were visualized as a slightly higher molecular weight (MW) band (Figure
3.2a; middle band) with respect to the non-crosslinked monomer (bottom band) while the
multimeric species showed up at much higher MW (top band) (167). Figure 3.2a Rep-Y lane
shows three such bands of a Rep-Y sample crosslinked with a cleavable di-sulfide containing
crosslinker (DTME). First we established that the dominant middle band and the fainter top

band were the crosslinked species, since they disappeared upon cleavage of the crosslinker
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(Rep-Y+B-ME lane). In order to ensure that the dominant middle band was not multimeric but
the intramolecularly crosslinked monomeric species we were aiming for, the Rep-Y sample was
fractionated according to the molecular size on a Superdex 200 size exclusion chromatography
(SEC) column controlled by an FPLC apparatus. Elution profiles of Rep-Y and non-crosslinked Rep
are shown in the Figure 3.2a, top panel. Eluted fractions were analyzed on the SDS
polyacrylamide gel (lanes F1-F7). As expected, the only multimeric species were in the fainter
top band that was eluted in the early SEC fractions (11-13 ml), and the dominant middle band
was the intramolecularly crosslinked monomeric species that was eluted together with the non-
crosslinked Rep monomer. Having established that the intra-crosslinked protein show up as a
retarded band compared to the non-crosslinked form on SDS polyacrylamide gels (such as the
Rep-Y data presented here), we routinely used it to check the efficiency of crosslinking reactions

for Rep-X, Rep-Y and PcrA-X.

3.5.3 Ensemble FRET unwinding assay

Multiple turnover ensemble unwinding kinetics was used as a quick method to gauge
the effect of the mutations and conformational modifications to the helicase activity. We used a
18-bp FRET labeled DNA substrate with 3’-(dT),q overhang (Figure 3.1b), constructed by
annealing complementary oligonucleotides DNA7 (Cy5-GCC TCG CTG CCG TCG CCA) and amino-
dT labeled DNA8 (TGG CGA CGG CAG CGA GGC-(T-Cy3)-Tyo). Alternatively another similarly
labeled 50-bp DNA with a 3’-(dT)s;y overhang was also used. It was made by annealing
oligonucleotides DNA9 (Cy5-TCA ACT AGC AGT CAT AGG AGA AGT ATT AAC ATG CCT CGC TGC
CGT CGC CA) and amino-dT labeled DNA10 (TG GCG ACG GCA GCG AGG CAT GTT AAT ACT TCT
CCT ATG ACT GCT AGT TGA (T-Cy3) Ty). Unless otherwise stated, a 5 nM ensemble FRET DNA
was mixed with 50 nM helicase in buffer D (10 mM Tris-HCI [pH 8.0], 15 mM NacCl, 10 mM MgCl,,
10% (v/v) glycerol, 0.1 mg/ml BSA) and 1 mM ATP was added to start the unwinding reaction in
a quartz cuvette. A Cary Eclipse fluorescence spectrophotometer was used to measure the
donor (I5s5,m) and the acceptor signal (/gs7,m) under the 545 nm excitation (5 nm slit, 2-10 Hz
acquisition rate and 600-900V photomultiplier voltage). Unwinding of the substrate was
monitored by the decrease in ensemble Ewer value, defined as Egrer-ensembie = los7nm/(Iss5nm —

Iy + lss7nm) Where I, was the baseline donor signal of unpaired Cy3 prior to addition of ATP.
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3.5.4 smFRET unwinding and RepD-PcrA interaction assays

All smFRET experiments were conducted on a custom-built prism type TIRF microscopy
stage with Andor EMCCD camera as described in (83, 84). Reaction chambers were formed by
quartz slides and glass coverslips passivated with polyethyleneglycol (PEG) and 1% biotinylated
PEG (mPEG-SC and bio-PEG-SC, Laysan Bio, Arab, AL), followed by 5 min incubation with
Neutravidin (Thermo Scientific, Newington, NH) for immobilization of biotinylated molecules on

the chamber surface as described below.

For the smFRET unwinding experiments, the reaction chamber was first incubated with
biotinylated anti penta-histidine tag antibody (Qiagen, Valencia, CA), followed by 10-30 min
incubation of Hisg-tagged helicase sample (0.5-1 nM). The unwinding of the DNA was initiated by
flowing 1 nM smFRET DNA and 1 mM ATP in the reaction buffer A (10 mM Tris-HCI [pH 8.0], 10
mM MgCl,, 15 mM NaCl, 10% (v/v) glycerol, , 1% (v/v) gloxy and 0.2% (w/v) glucose, an oxygen
scavenging system (80) and 3-4 mM Trolox, a fluorophore triplet state quencher (81, 82)).
smFRET DNA substrate was constructed by annealing the oligonucleotides DNA3 (Cy5-GCC TCG
CTG CCG TCG CCA) and DNA4 (Cy3-TGG CGA CGG CAG CGA GGC-Tyy). PcrA-RepD interaction
assay involved preparation of the RepD-oriD DNA adduct as described in (140). Biotinylated oriD
DNA substrate was constructed by annealing oligonucleotides DNA1 (CTA ATA GCC GGT TAA
GTG GTA ATT TTT TTA CCA CCC AAA GCC TGA AGA GCT AAT CGT TCG G) and DNA2 (biotin-CCG
AAC GAT TAG CTC TTC AGG CTT TGG GTG GTA AAA AAA TTA CCA CTT Tys) In one chamber only
oriD DNA (50-100 pM) was immobilized on the surface. In a second chamber RepD-oriD DNA
adduct was immobilized. 100-500 pM dual labeled PcrA-DM1 was injected into the chambers in
buffer B (10mM Tris [pH7.5], 10% glycerol, 15mM NaCl, 50mM KCl, 5mM MgCl,, 3.4 mM Trolox,
1% (v/v) gloxy, 0.2% (w/v) glucose). Short movies of many different areas were recorded. Since
the two Cys residues of PcrA-DM1 were randomly labeled with Cy3-Cy5 mixture, each movie
contained a brief initial 633-nm laser excitation period to determine the molecules with a
fluorescent Cy5, followed by turning on the 532-nm laser for Cy3 excitation. Only the PcrA-DM1

molecules with a colocalized donor-acceptor pair factored in the Egzer histograms.

smFRET signal was acquired by an Andor EMCCD camera operated with a custom

software at 16-100-ms time resolution. Egzer Was calculated as described in (83).

Unwinding period was measured as described in the text. Fraction of unwinding events

calculated as the proportion of the all DNA binding events that displayed a Eger increase phase.
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Error bars were calculated according to Clopper-Pearson binomial proportion confidence

interval method (168).

3.5.5 Optical tweezers assay

The optical trap handle was a 6098-bp long DNA, amplified from A-phage DNA and
flanked by a 5’-biotin and a 3’-(dT)10,1575 overhang on the other end. First a 5’-tailed 6083-bp
fragment was amplified by the auto-sticky PCR reaction (169) using primers P1 (biotin-GGC AGG
GAT ATT CTG GCA) and P2 (GAT CAG TGG ACA GA-abasic-A AGC CTG AAG AGC TAATCG TTC GG).
Subsequently the amplicon was annealed and ligated with oligonucleotide DNA5 (TTC TGT CCA
CTG ATC-(T) 10,1575) to create the 3’-overhang for the initial helicase binding (10, 15 or 75-nt, as
specified in figures). DNA beads were prepared by adding biotinylated 6-kbp DNA to the
streptavidin-coated polystyrene beads (0.79 um in diameter, Spherotech, Lake Forest, IL), and
incubated at 25°C for 30 min. Protein samples were pre-incubated with biotinylated anti penta-
histag antibody (Qiagen, Valencia, CA) on ice for 1 hour. 1 pul of this mixture, 1 pl of streptavidin
beads, and 8 ul buffer (100 mM Tris-HCI [pH 7.5], 100 mM NacCl, 10% glycerol (v/v)) were mixed
and incubated for 30 min on ice to make the protein coated beads. Reactions were performed in
laminar flow chambers that were designed and assembled as described in (170). Reaction buffer
C, consisted of 100 mM Tris pH 8.0, 15 mM NaCl, 10% (v/v) glycerol, 10 mM MgCl,, and an
oxygen scavenging system (100 pg/ml glucose oxidase, 20 ug/ml catalase, and 4 mg/ml glucose)
to reduce photodamage to the sample (171). The reaction chamber contained two laminar
streams of buffer C with different ATP, ATP-yS and SSB content as described in the text. The
dual-trap optical tweezers were set up and calibrated as described in (172, 173). All
measurements were recorded at 100 Hz with a custom LabView software (8.2; National
Instruments, Austin, TX) and smoothed with a 100 Hz boxcar filter. In the “force—feedback”
mode, unwinding was allowed to occur against a constant force of 10-22 pN (as specified). The
contour length of DNA was calculated from the measured force and end-to-end extension of the
molecule and using the worm-like chain model (persistence length of 53 nm, stretch modulus of
1,200 pN and distance per base-pair of 0.34 nm). The velocity of DNA unwinding in the force
feedback mode was determined from a linear fit of the contour length of DNA in a sliding
window of 0.2 s (twenty one data points), pauses longer than 0.2 s were removed, then the

velocity was averaged in 1 s binning intervals. Error for the fraction of unwinding events per
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tether formation was calculated with the Clopper-Pearson binomial proportion confidence

interval method (168).

The force dependence of Rep-X unwinding activity was measured in the “fixed-trap”
mode, by stopping the force feedback. The force data (100 Hz) was smoothed with a gaussian
filter (by applying a 33-Hz moving average filter 10 times). Paused regions (velocity < 10 bp/s)
were removed. The pause-free unwinding velocities were calculated and normalized by the
velocity at 20 pN for all molecules, and binned against the dynamic force values up to 60 pN to
create V/V,gpn Vs. F plot (Figure 3.2f). We previously found that the force response of our trap is
linear against the bead displacements up to 72 nm (determined in a separate experiment
without force feedback and trap stiffness of 0.167 pN/nm, the force vs. extension curve of
dsDNA started to deviate from the theoretical worm like chain model above 12 pN. Hence we

calculated the maximum reliable force to be at least 59 pN (at a trap stiffness of 0.82 pN/nm).

We considered the possibility that the highly processive unwinding observed in our
optical tweezers assay was caused by multiple Rep-X acting on the same DNA, and hence a
single Rep-X may not be the highly processive helicase unit. If multimeric stoichiometry of Rep-X
had been required for highly processive unwinding, then the majority of binding events (i.e.
formation of a tether) would not have displayed unwinding activity, since single Rep-X binding is
the statistically the most probable event. However, the majority of tethers formed displayed

highly processive unwinding, indicative of single molecule activity.

To establish further that the unwinding of the 6-kbp DNA is achieved by single Rep-X
molecule, we repeated the experiment using beads incubated in lower concentrations of Rep-X,
thus decreasing the number of Rep-X molecules per bead. Consequently, Rep-X binding (tether
formation) took longer and required more trials of bumping the two beads. However the

subsequent unwinding was still the prevalent behavior.

A second test to ensure that the processive unwinding of 75-nt overhang DNA was due
to single Rep-X molecule, but not multiple, we used shorter 3’ overhangs (10 and 15-nt) that
would allow initial binding of only one Rep-X molecule based on the crystal structure (61). Rep-X
exhibited the same behavior on the short overhang DNA molecules, confirming that the high

processivity of unwinding was indeed a monomer activity..

A third precautionary technique was to add 66 nM of E. coli ssDNA binding protein (SSB)

in the unwinding reaction stream in order to render the unwound ssDNA inaccessible to other
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Rep-X molecules. However, inclusion/omission of SSB did not change the Rep-X behavior
indicating that SSB is not essential to ensure single molecule activity. This is probably due to the
design of the dual optical tweezers assay in which the DNA is only under tension between the
“front runner” Rep-X molecule and the streptavidin on the other bead. Binding of a secondary
Rep-X to the already unwound ssDNA should not affect the measurements because the
secondary Rep-X, which is also tethered to the bead, cannot interact with the front runner that

is tethered elsewhere on the bead.
3.6 Enhanced unwinding activity by mutagenesis of 2B
subdomain

Another SF1 helicase, UvrD shares close to 100 % structural and 40% sequence
homology with Rep. A genetic screening study detected that a UvrD mutant uvrD303 increased
ATP hydrolysis and DNA unwinding activity (174). In that study, UvrD303 unwound DNA an order
of magnitude more efficiently than the wild type UvrD in ensemble unwinding experiments.
uvrD303 is a double alanine replacement of Asp403 and Asp404 residues. These residues are
located on the 2B subdomain surface that interacts with the 1B domain, in the closed form.
Since we found that the closed form is the active form of Rep and PcrA, it is very likely that these
mutations stabilize the closed form. This would further prevent dynamics of 2B subdomain and
would increase the unwinding activity of UvrD. We also tested the unwinding activity of the
same mutant variant of Rep helicase, Rep DD, has been purified and tested on optical trap for

processivity and helicase unwinding activity.

We used same duplex DNA substrate as for Rep-X, Pcr-X and wt Rep. As soon as we
formed tether we started a force feedback at 10pN. There was an apparent difference from wild
type Rep and Rep-X measurements; this time we saw partial unwinding in 20% of formed
tethers with subsequent dissociation. Worthwhile to mention that we still saw full unwinding in
3% of the traces consisted with wild type observation and the fact that Rep might be locked in
“closed” form due to bead surface interaction. Interestingly we started to see slippages even at

10 pN forces.

Though whether latter mutations enhance interaction between two domains is not
known, these results suggest that interaction surface between 1B and 2B subdomain is

important and most likely drives Rep protein to “closed” conformation.
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3.7 Figures
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Figure 3.1 Crosslink mediated conformational control of the helicase activity of Rep. (A) Open
and closed form Rep crystal structures (pdb entry 1UAA) are shown. Domains are colored and
named accordingly. 3’ end of the ssDNA is visible. Residues that were mutated to cysteine and
crosslinked to lock the conformation are shown as pink, blue and red van der Waals spheres in
both conformations as reference. Close-ups show the only two residues that were crosslinked
for engineering Rep-X and Rep-Y. (B) Cartoon of FRET labeled ensemble unwinding DNA shows
the conversion of high FRET efficiency (Egrer) substrates to low Egger by the helicase. Lightness of
the donor and acceptor color represents the relative intensity changes. . (C) Ensemble
unwinding kinetics of DNA from B by Rep and Rep-X shows the enhanced helicase activity of
Rep-X over Rep as measured via ensemble Egzer (3.5.3 Ensemble FRET unwinding assay). Solid
lines are fitted exponential decay curves for guiding the eye.
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Figure 3.2 Analysis of intra-crosslinking reaction products and ensemble enzymatic activity
tests for open form crosslinked Rep-Y. (A) Intra-crosslinking is validated by size exclusion
chromatography (SEC) (iii, iv), and SDS-PAGE analysis (i, ii). Intra-crosslinked proteins always
produced three bands on SDS polyacrylamide gels, a dominant middle band (location is slightly
different for Rep-X and Rep-Y, see i), a faint bottom band and a much fainter top band as shown
in the Rep-Y lanes (i-ii, iv). (iii) shows the SEC elution profile for Rep (dotted line) and the Rep-Y
sample (solid line). Rep-Y fractions, F1-F7, collected from SEC were run on an SDS
polyacrylamide gel along with Rep-Y (iv). B-ME reduced Rep-Y (crosslinked with a di-sulfide
crosslinker DTME) showed a single band as Rep (ii). (B) ssDNA dependent ATPase level of Rep-Y
is very similar to Rep. Error bars represent standard deviation over multiple preparations. (C)
Ensemble unwinding kinetics of the Rep-Y does not show any enhancement over non-
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crosslinked Rep (10 nM helicase, 5 nM 50-bp ensemble unwinding DNA with 3’-(dT);q overhang
in buffer D and 1 mM ATP). In comparison, both helicases were much slower than Rep-X.
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Figure 3.3 smFRET reveals DNA unwinding by Rep-X monomers. (A) A cartoon representation
of unwinding stages of dual labeled DNA by a Rep-X monomer is shown. Color lightness of the
donor (green) and acceptor (red) on the FRET labeled DNA represents the change in the
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emission intensities from low to high Emper as the unwinding progresses. (B) Representative
SMFRET curves show the dominant behavior of DNA binding and dissociation for Rep (i) and
Rep-Y (ii), and DNA binding, unwinding and dissociation (first the acceptor strand, then the
donor strand) for Rep-X (iii, iv). The donor fluorescence signal is in green, acceptor in red and
Errer in blue. Unwinding time is denoted by At. (C) Distribution of Rep-X unwinding periods
measured from the smFRET assay. (D) Fractions of =DNA binding events that led to unwinding
(i.e. exhibited an Egrer increase phase) in smFRET experiments are shown for Rep, Rep-Y and
Rep-X. Error bars represent 95% confidence bounds (3.5.4 smFRET unwinding and RepD-PcrA
interaction assays).
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Figure 3.4 Optical tweezers reveal Rep-X is a highly processive and a very strong helicase. (A)
Cartoon representation of the optical tweezers assay is shown. A single Rep-X molecule loads on
the free ssDNA tail and unwinds the 6-kbp DNA, which shortens the tether and pulls the beads
closer. The force feedback keeps the tension on the DNA and Rep-X constant at 10-22 pN. (B)
Individual unwinding traces show the extent of processive unwinding by Rep-X on the 6-kbp
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DNA offset for clarity. Background is color coordinated with the inset that shows the two
laminar flows in the reaction chamber; the first stream (yellow) favors the stalled Rep-X-DNA
complexes, and the second stream (blue) initiates the unwinding. Traces [1-3, 5, 7, 13] were
obtained with a constant tension of F=10 pN, with SSB on 15-nt overhang DNA. Trace [4] was
obtained with F=22 pN, with SSB on 75-nt overhang DNA. Traces [6, 8, 9] were obtained with
F=10 pN, no SSB, on 75-nt tail DNA. Trace [10] was obtained with F=8 pN, no SSB on 10-nt
overhang DNA. Traces [11, 12] were obtained with 13 pN, no SSB on 75-nt overhang DNA. (C)
Distribution of Rep-X unwinding velocities measured from 38 Rep-X molecules is shown. Scatter
plots represent the mean unwinding velocity and the standard deviation for each molecule from
six different experiments (color coded). (D) Fraction of the enzyme-DNA binding events that led
to unwinding of DNA for Rep, Rep-Y and Rep-X are compared (obtained with 75-nt overhang
DNA and no SSB). Error bars represent the 95% confidence bounds (3.5.5 Optical tweezers
assay). (E) Unwinding by five representative Rep-X molecules against pulling force in the fixed
trap assay are plotted. Pulling force is linearly coupled to the extent of unwinding as the Rep-X
pulls the beads closer, and the optical trap acts like a spring. Tether breaks appear as sudden
drops. Fixed trap data was obtained with 15-nt overhang DNA and without SSB. (F) Average of
normalized unwinding velocities of 58 Rep-X molecules is plotted against the opposing force
from the fixed trap assay shown in E. Pause-free unwinding velocities of individual molecules
were normalized by each molecule’s velocity at 20 pN and averaged across all the molecules in 5
pN bins. Error bars represent standard error of the mean. This plot shows the high force
tolerance of the engineered super-helicase Rep-X.
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Figure 3.5 Demonstration of conformational control on PcrA helicase. Conformational control
of protein function achieved on Rep-X was duplicated on PcrA helicase. (A) Sample smFRET DNA
binding and unwinding traces for PcrA and PcrA-X shows that the PcrA-X monomers are too

90



active helicase units. (B) Fractions of enzyme-DNA binding events that led to an unwinding
phase for PcrA and PcrA-X in the smFRET assay are shown. (C) Processive unwinding of 6-kbp
DNA by four representative PcrA-X molecules on the optical tweezers assay. Blue and green
traces are from 75-nt overhang DNA, with no SSB at 5 pN tension, red and black traces are from
15-nt overhang DNA, with SSB at 4 pN tension. (D) Fractions of enzyme-DNA binding that led to
the unwinding of 6-kbp DNA in the optical tweezers assay (75-nt overhang DNA, no SSB, and a
constant tension of 5 pN). (E) The conformational effect of RepD, a stimulatory partner of PcrA,
on PcrA was measured in a SmFRET assay (cartoons). Egger histograms show that the PcrA bound
to RepD adduct is biased toward the closed form (high Eger population) compared to PcrA
bound to the bare ori-D DNA. In B and D, error bars represent the 95% confidence bounds (3.5.4
smFRET unwinding and RepD-PcrA interaction assays, 3.5.5 Optical tweezers assay).
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Figure 3.6 Ensemble enzymatic activity tests for PcrA and PcrA-X. (A) ATPase activity of our
mutant PcrA sample before and after crosslinking into the PcrA-X form. Error bars represent
standard deviation of multiple preparations. (B) Ensemble unwinding assay revealed an
enhanced enzymatic activity of PcrA-X over wild type PcrA. Solid lines are fitted exponential
decay curves for guiding the eye.
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3.8 Tables

Motif la TxGx motif

Rep Escherichia coli KIAHLIRGCGYQARHIAAV] AAREMKERVGQTLGRK-EARGLMI 93
UvrD Escherichia coli RIAWLMSVENCSPYSIMAV] ] RHRIGQLMGT --SQGGMWV 99
UvrD Mycobacterium tuberculosis RIAYLMAARGVGVGQILAITE AREMRERVVGLVGE--KARYMWV. 112
UvrD Mycoplasma capricolum KIAYLIEKQNIDPSRILA (ERVLQITNN--SFKSPFI 99
UvrD Deinococcus radiodurans RIAHLIGHYGVHPGEILAV] RAGHLVPG---AGDLWM 101
PcrA Geobacillus stearothermophilus RIAYLMAEKHVAPWNILAI RERVQSLLGG--AREDVWI 101
PcrA Bacillus subtilis RIAYLMAEKHVAPWNILAI . {ERVESILGP--GADDIWI 101

PcrA Staphylococcus aureus RIAYLLDEKDVSPYNVLAI] : {ERVQKLVGD--QAEVIWM 97

PcrA Leuconostoc citreum RIAHLVQDLNVFPWRILAITE REMRERIAALLSED-VARDIWV. 100
PcrA Fructobacillus fructosus RVAHLIEDLDVRPWRILAI] REMRER IAKLVDPE-QRQAVWV, 100
PcrA Staphylococcus epidermidis RIAYLLDEKDVSPYNILAI] ARVEHLVGE--ERQVIWM. 97

PcrA Carnobacterium maltaromaticum RIAYLIEEKQVNPWNILAIT {ERVNRLNVR--GGNDVWV 100
PcrA Alloiococcus otitis RIAYLIQEKGVNPWNILAT DRVQKLVSQ--GGSGVWV. 100
PcrA Mitsuokella multacida RIANLLA-QGVAPYSILAITE ATEMRERVDRMIGD--ARKDVWL 95

PcrA Alkaliphilus metalliredigens RIAYLVEELGVSPYHILSI {ERIHQLLGD--GFRDLWV 95

PcrA Desulfotomaculumreducens RIAQILS-QGVRPYNILATIT MRARVENLVPQ--AAKDL 95

PcrA Listeria fleischmannii RIAYLIKEREVNPYNILATI] : ARVTGLLGG--IRAESIWM 101
PcrA Sporosarcina newyorkensis RIAYLVVEKQVYPSNILAITE AR RERIDGLLGAG-SGERMWV. 102
PcrA Kurthia massiliensis RIAYLVIEKAVNPWNILAI : RDRIDGLLGNG-SGQOMWV. 102
PcrA Marinococcus halotolerans RIAYLIREKMIPPYAILAI SMKERVGKLVGP--VAEDIWM 102
PcrA Planococcus antarcticus RIAYLVLEKQVYPSNILAITE REN RIDGLLGHG-TGQRMWA 102
PcrA Lysinibacillus fusiformis RIAYLVIEKEVYPSKILAI] RDRIDGILGNG-TGDSMWV 102
PcrA Oceanobacillus iheyensis RIAYLMGEKDVSPRNILAIT 2 {ERVSKLVGP--QGEYMWV 101
PcrA Virgibacillus sp RIAYLLEEKDVAARNILAITE AAREMKERVRRLVGS --ESDQMWV 101
PcrA Caldibacillus debilis RIAYLIAEKGVNPYNILAITE ; {ERVEKIIGG--TRAEVWI 118
PcrA Halobacillus halophilus RIAYLLSEKDVAPRNILAT : DRVESLVGK--DGEKIWM 101
PcrA Gracilibacillus halophilus RIAYLLGEKEVSPRNILAITE MKERITDLVGS—--RGADMWV 101
PcrA Bacillus cereus RIAYLLGEKGVAPWNVLAI] RE RIDTLVGP--EREDIWI 100
PcrA Macrococcus caseolyticus RIAYLIDEKDVSPYKILAI] {ERVKKIIGD--ESDVIWI 97

PcrA Laceyella sacchari RVAYLLAEKGIHPWNVLAI : {(ERIGQLVGP--MAEEIWI 101
PcrA Brevibacillus laterosporus RISYLVGYKQAFPWSILATI ; {ERVERMVGRDAGADDIWI 102
PcrA Paenibacillus sp RIAYLIATRKAPPWAILAIL . SMODRVSRLVGGP-EGRDIWV 108
PcrA Thermobacillus composti RIAYLIGKKRVAPWSILATI QERVEALV-GP-GASDIWV 103

PcrA Amphibacillus xylanus RIAYLLDEKDVSPRNILAIT DRVINLIGP--EADQMWV. 102

Table 3.1 Conserved Cys96 in TxGx motif of PcrA. Cysteine residue in the TxGx motif is
conserved across 27 organisms within 10 out 11 families. Leuconostocaceae family species have
an alanine at this position.
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Motif Il (Walker B) Motif 111

Rep Escherichia coli TSQYELVKLLVGSRA———-———— RETVVGDDDQSIYSWRGARPQ 256
IQYAWIRLLAGDTG------- KVMIVGDDDQSIYGWRGAQVE 262

HAQYVLVRELVGRDSNDGIPPGE IIWGDADQSIYAFRGAT IR 287

UvrD Escherichia coli

UvrD Mycobacterium tuberculosis

UvrD Mycoplasma capricolum LQFSLIKFLTINTN-—-—-——— HLTVVGDPDQTIYSWRGAKLD 267
UvrD Deinococcus radiodurans QYELTRLLASRDR----—-—— NLLVVGDPDQSIYKFRGADIQ 269
PcrA Geobacillus stearothermophilus QYTLVKKLAERFQ-=-~=~~~ N \WWGDADQSIYRWRGADIQ 265
PcrA Bacillus subtilis QYMLVKQLAERFQ-—————— NIBVVGDSDQSIYRWRGADIT 265
PcrA Staphylococcus aureus QYTLVKLLASKFK-—-———- NIGVVGDSDQSIYGWRGADIQ 261
PcrA Leuconostoc citreum DAQYTIVNLLAQRSK-—————— NLAVVGDADQSIYGWRGANMN 264
PcrA Fructobacillus fructosus DAQYKIVNMLAQGSK-———-———-— NLAVVGDADQSIYGWRGANMQ 264
PcrA Staphylococcus epidermis QYTLVKLLANKFK VVGDSDQSIYGWRGADIQ 261
PcrA Carnobacterium maltaromaticum HAQYTLVNTLAKRFK VVGDADQSIYGWRGANME 264
PcrA Alloiococcus otitis QAQYQLVQLLAQRFK VWGDADQSIYGWRGADMG 264
PcrA Mitsuokella multacida GAQYQLTKILAARHH VVGDADQSIYGWRGADIR 264
PcrA Alkaliphilus metalliredigens QYTLVSLLAKKHH VVGDDDQSIYGWRGADIR 261
PcrA Desulfotomaculumreducens HTQYVLVNMLAESHR VVGDPNQSIYKWRGADIN 259
PcrA Listeria fleischmannii HAQYLIVKLFAAKLR VVGDSDQSIYGWRGADIS 265
PcrA Sporosarcina newyorkensis FSQYRLVQMLASKFR. VVGDSDQSIYRWRGADIG 268
PcrA Kurthia massiliensis SQYLLVKLLASKFK VVGDSDQSIYRWRGADIT 268
PcrA Marinococcus halotolerans QYMLVNMLAAKRH VVGDSDQSIYKWRGADIQ 266
PcrA Planococcus antarcticus RQYQLVQKLASKFK VVGDSDQSIYRWRGADIT 268
PcrA Lysinibacillus fusiformis SQYLLVQLLAKKFK VVGDSDQSIYRWRGADIG 268
PcrA Oceanobacillus iheyensis HAQYYLVKQLASRFQ VVGDSDQSIYRWRGADIG 265
PcrA Virgibacillus sp HAQYQLVKQLASRYQ VVGDSDQSIYRWRGADIT 265

PcrA Caldibacillus debilis VVGDSDQSIYRWRGADIS 283
VVGDSDQSIYAWRGADIQ 265
VVGDSDQSIYAWRGADIS 265
VVGDSDQSIYRWRGADIS 266

VVGDSDQSIYGWRGADIY 261

QYELVRLLSARFQ
HAQYQLVKQLASRYK
PcrA Gracilibacillus halophilus HAQYYLVKQLASRFQ
PcrA Bacillus cereus QYLLVKHLAARFK
PcrA Macrococcus caseolyticus QYLLVKMLADKFK

PcrA Halobacillus halophilus

PcrA Laceyella sacchari HVQYILTKMLAEKHQ VVGDSDQSIYRFRGADIT 265
PcrA Brevibacillus laterosporus QYMLISMLADMHK CVGDADQSIYKWRGADIS 266
PcrA Paenibacillus sp. QYMLCRMLADKHH VVGDSDQSIYRWRGADIS 273
PcrA Thermobacillus composti QYLLCRMLADKHH VVGDSDQSIYRWRGADIT 267

PcrA Amphibacillus xylanus AQYDLVKKLAEKY(Q VVGDSDQSIYRWRGADIK 266

Table 3.2 Conserved Cys247 in motif Ill of PcrA. Cysteine residue in the motif Ill is also
conserved across the 27 organisms shown here from 10 different families. Leuconostocaceae
family species have an alanine at this position.

93



Bacillaceae

Bacillus cereus
Bacillus subtilis
Lysinibacillus fusiformis

Bacillales (Gram +)

Paenibacillaceae

Staphvlococcaceae

Listeriaceae

Staphylococcus aureus
Staphylococcus epidermidis
Macrococcus caseolyticus

Brevibacillus laterosporus
Paenibacillus sp.
Thermobacillus composti

Oceanobacillus ihevensis

Virgibacillus sp. CM-4

Geobacillus stearothermophilus Planococcaceae
Amphibacillus xylanus
Halobacillus halophilus
Gracilibacillus halophilus
Marinococcus halotolerans
Caldibacillus debilis

\,

Planococcus antarcticus
Sporosarcinanewyorkensis
Kurthiamassiliensis

Thermoactinomycetaceae

Listeria fleischmannii

Laceyella sacchari

( Lactobacillales (Gram +)

Carnobacteriaceae Leuconostocaceae

Carnobacterium maltaromaticum Fructobacillus fructosus
Alloiococcus ofitis Leuconostoc citreum

Clostridiales (Gram +)
Peptococcaceae Clostridiaceae

Desulfotomaculumreducens  Alkaliphilus metalliredigens

. 7

Selenomonadales (Gram -)
Veillonellaceae

Mitsuokella multacida

Two Cys residues located in TxGx motif and
motif IIT are conserved across 27 organisms
within 10 families analyzed (out of 11) .

Leuconostocaceae have C96A (16 out of 18),
C96S (2 out of 18)7 and C247A (all 18)
mutations/substitutions.

Table 3.3 Conservation of Cys96 and Cys247 across 11 families. 29 Organisms from 11 families
used for PcrA sequence homology comparison. Only one family (red) had Ala instead of Cys, and
ten families have conserved Cys residues. These 29 organisms and corresponding eleven families
were selected randomly from an extensive PcrA library across ~250 species (~1100 including
substrains) within the firmicutes phylum (mainly Gram +).
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Chapter 4. Orientation dependence
of FRET"

We have found that the efficiency of fluorescence resonance energy transfer between
Cy3 and Cy5 terminally-attached to the 5’-ends of a DNA duplex is significantly affected by the
relative orientation of the two fluorophores (105). The cyanine fluorophores are predominantly
stacked upon the ends of the helix in the manner of an additional base pair, and thus their
relative orientation depends on the length of the helix. Observed FRET efficiency is dependent
upon the length of the helix, as well as its helical periodicity. By changing the helical geometry
from B-form double-stranded DNA to A-form hybrid RNA/DNA, a marked phase shift occurs in
the modulation of FRET efficiency with helix length. Both curves are well explained by the
standard geometry of B- and A-form helices. The observed modulation for both polymers is less
than calculated for a fully-rigid attachment of the fluorophores. However, a model involving
lateral mobility of the fluorophores on the ends of the helix explains the observed experimental
data. This has been further modified to take account of a minor fraction of unstacked

fluorophore observed by fluorescent lifetime measurements.

4.1 Introduction

Fluorescence resonance energy transfer (FRET) has become widely used to report on
distances over the macromolecular scale in biology (175), reviewed in references (176, 177). The
method is highly sensitive, and consequently has been widely exploited in single molecule
experiments in biological systems. Energy transfer results from dipolar coupling between the
transition moments of two fluorophores, and the efficiency of the process (Errer) depends on the
separation between the donor and acceptor fluorophores, raised to the sixth power. While such
data are frequently interpreted on the assumption of a simple relationship between Ewer and

distance, Errer should also depend upon the relative orientation of the transition dipole vectors.

The orientation dependence is likely to be most significant where the fluorophores are

constrained. This has been demonstrated experimentally using a fluorophore that was

" The content in this section was reproduced with permission from “Orientation dependence in fluorescent
energy transfer between Cy3 and Cy5 terminally attached to double-stranded nucleic acids”, Igbal, A., Arslan, S.,
Okumus, B., Wilson, T. J., Giraud, G., Norman, D. G., Ha, T. & Lilley, D. M. J.. Proc Natl Acad Sci USA,105(32):11176-81
(2008). Copyright (2008) National Academy of Sciences, U.S.A
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terminally affixed to duplex DNA by two points of covalent attachment (178), thereby seriously
constraining its motion. This situation is not typical of most FRET studies involving nucleic acids.
Fluorophores are normally tethered by a single point of attachment, and in theory would be
significantly less constrained. But if the fluorophores adopt a rigid manner of attachment to the

helix, orientation dependence could be observed.

Cy3 and Cy5 are a commonly used fluorophore pair, especially in single-molecule
experiments. Our earlier NMR studies have shown that when these are attached to the 5’-
termini of duplex DNA via a 3-carbon linker to the 5’-phosphate they are predominantly stacked
onto the ends of the helix in the manner of an additional basepair (179). This would provide a
favorable situation in which the orientation dependence of FRET could be observed, and we
have therefore studied a series of DNA and DNA-RNA hybrid duplexes in order to seek this
effect. We find that Erzer values reduce with duplex length, but also exhibit a modulation with
twice the periodicity of the helices that is consistent with the anticipated orientation effect.
Thus it will be necessary to take fluorophore orientation into consideration when interpreting

FRET data in terms of distances in some circumstances.

4.2 Background theory

The variation of Egzer with the separation between donor and acceptor fluorophores (R)

is given by (2) :

1

EFRET:—()
1+(RRJ
0

where Rq is the distance at which energy transfer is 50% efficient. It depends upon the
spectroscopic properties of the fluorophores and the medium, given by:

_ 052987, J(2)

6
RO N'l’l4

where the units of Ry and the wavelength A are cm. x* describes the relative orientation of the
fluorophores (see below). @ is the quantum yield of the donor, N is the Avogadro number and

nis the index of refraction of the medium. J(A) is the spectral overlap integral, given by :
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J(2)=

where ¢p(1) is the spectral shape of donor emission and gx(A) that for acceptor excitation (M™
cm™). We have measured the overlap integral for Cy3 and Cy5 terminally attached to dsDNA as

JA)=7.2x10 M em?.

The largest potential uncertainty in the extraction of distance information from Egger lies

in the orientation term &%, given by:

k% =(cos®, —3.cos0,,.cos0,

where the angles ®r, ®p and ®, are defined in Figure 4.1 A, B. This can take values between 0
and 4, or between 0 and 1 if the transition moments are constrained to parallel planes. If the
fluorophores undergo isotropic reorientation within the excited state lifetime of the donor then
x* = 2/3, and in most studies this is assumed to apply. While this is a good approximation for
freely-mobile fluorophores like fluorescein that are terminally attached to double-stranded
nucleic acids, it is rather less probable for cyanine dyes in this situation. Using NMR we have
shown that Cy3 and Cy5 are predominantly stacked onto the end of dsDNA when coupled to the
5’-terminal phosphates via C; linkers (179, 180) (Figure 4.1 C, D).

The transition moments for the © to ©* transitions lie in the plane of the indole rings
close to the polymethyne linker (180) and are therefore directed in planes that are
approximately parallel to each other. This situation approximates to ®p, = ®, = 90°, and where
®; depends on the length and geometry of the DNA helix and the angles between the terminal
basepairs and the transition moments. This is simulated in Figure 4.2, on the assumption that
the fluorophores are rigidly attached to the ends of the DNA. It can be seen that the efficiency of
energy transfer is strongly modulated by the length of the helix in a periodic manner, falling
close to zero twice per helix rotation when the transition moments are perpendicular (i.e. cos®y
= 0). This ‘bouncing ball’ type dependence is not significantly altered if the fluorophores are
inclined relative to the terminal basepairs by 20°, as 3.cos®p.cos®, is small and the behavior
remains dominated by the variation in ®;. The variation of Eger with length with a constant

value of ¥*=2/3 is also shown.
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4.3 Results and Discussion

We have investigated the variation of FRET efficiency experimentally for a series of
terminally-labeled DNA duplexes of lengths 10 — 24-bp, thus covering more than one complete
helical turn. Each species was generated by hybridizing extensively-purified complementary
strands with Cy3 or Cy5 separately attached to their 5’-termini via a three-carbon linker (Figure

4.8). Errer was measured in both ensemble and single-molecule experiments.

4.3.1 Modulation of energy transfer efficiency in a DNA duplex
series

Each member of the series was studied in free solution under steady-state conditions,
and Egger was calculated using the acceptor normalization method (181). The resulting
efficiencies are plotted as a function of helix length in Figure 4.3 A (filled circles). Overall the
Errer values decrease with helix length, yet there is a clear periodic modulation in phase with
that anticipated for simple orientational dependence based on B-form helical geometry (Figure
4.2). Minima are observed at 13 and 18-bp, and maxima at 14 and 19-bp. The period is therefore
=5-bp, which is half the structural periodicity of a B-form double helix; this is consistent with the
anticipated orientational dependence of dipolar coupling. It should be noted that the observed
modulation has twice the frequency of that observed where the inter-fluorophore separation

varies with helix length due to off-axial positioning of freely mobile fluorophores (182).

The values of Eger for the DNA duplex series was measured by an alternative approach
based on single-molecule methods. This was done for two main reasons. First, we were
concerned that the ensemble results might be distorted by the presence of molecules in which
Cy3 was not active. Second, the majority of experiments using the Cy3-Cy5 combination are
performed with single-molecule methodology, and so this is directly relevant. Ewzer was
measured from single DNA molecules encapsulated in phospholipid vesicles (98) that were
tethered to a quartz slide, using total internal reflection microscopy (78). This avoided any
perturbation of DNA structure that might otherwise have arisen if there was a direct tether to
the surface, and only molecules with active donor and acceptor fluorophores were analyzed.
Errer values of active species were calculated from the donor and acceptor wavelength channels,

and histograms generated for many single molecules. The plot of Erzer vs helix length (Figure 4.3)
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is very similar to that generated from the ensemble data, with modulation of almost identical

period and phase.

Thus we observe the same modulation of FRET efficiency with helix length irrespective
of the method of measurement. The period and phase of the modulation are fully consistent
with the expected dependence upon the relative orientation of the transition moments of the

fluorophores, i.e. the variation of K2

4.3.2 A dynamic models can account for the extent of
modulation

While the positions of the maxima and minima of the experimental profiles are fully
consistent with modulation due to fluorophore orientation, the peaks are clearly less sharply
defined than that calculated for rigid fluorophores (Figure 4.2), suggesting that the data are
averaged by some dynamic process. Motions in which the fluorophores tilt away from their
stacked position on the end of the DNA cannot explain this effect. We therefore simulated the
data using an alternative model in which the fluorophores are allowed to move laterally on the
end of the helix, with a Gaussian distribution of probabilities of chosen half-width — this
corresponds to a Boltzmann population of conformations where both fluorophores and the
intervening DNA helix collectively act as a torsional spring. Using standard helical parameters for
B-form DNA with 10.5-bp/turn and a helical rise of 3.6 A, together with mean angles between
the terminal basepair and the transition moments of Cy3 and Cy5 of 32 and 30° respectively
(measured from the NMR structures), we generated simulations of the Egzer vs helical length
curves. Setting a half-width at half-maximum (HWHM) of 55° provided excellent agreement with
the shape of the experimental curve (Figure 4.3), reproducing the maxima and minima in closely
similar positions. The only parameter adjusted was the refractive index; n = 1.38 gave the best

agreement to the absolute values of Egggr.

4.3.3 A fraction of Cy3 is unstacked from the DNA

While the lateral motion can account for the observed data very well, it does not
provide a unique solution. A model in which one fraction of the fluorophores are stacked while
the remaining fluorophores are unstacked and freely mobile with «” = 2/3 provided equally good
agreement (see below). While our NMR data indicate that most of the Cy3 will be stacked on

the end of the DNA (179), a minor fraction that is unstacked would not be detected in these
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experiments. Levitus and co-workers (183) have provided time-resolved fluorescence data that
indicate that there is a fraction of Cy3 that is unstacked when attached to the 5’-terminus of
double-stranded DNA. We therefore measured lifetime distributions for Cy3 attached to the 5'-
terminus of DNA duplexes such that the fluorophore was in exactly the same environment as in

the FRET experiments.

Singly Cy3-labelled duplexes of 16 and 22-bp were analyzed using time-correlated
photon counting, and the decay curves obtained fitted to a number of exponential functions
(Figure 4.4 A). For each sample our data were significantly better fitted using three exponentials
compared to two (Table 4.1). Two species had relatively long lifetimes of 1.04 and 1.91 ns, with
relative amplitudes of 61.6 and 21.4 % respectively, while the third species had a lifetime of 390
ps and an intensity of 16.9 % (Table 4.1). We assign the short lifetime species to unstacked Cy3,
where the excited state is relaxed by cis-trans photoisomerization occurring in the polymethyne
linker (184). The fluorescent lifetime becomes longer if rotation about the polymethyne linkage
is prevented, for example by steric constraints in Cy3B (183), or due to stacking. Thus the two
species we observe with longer lifetimes are likely to be stacked onto the end of the helix in a
manner similar to that we have observed by NMR (179). Indeed, the longer lifetime is very close
to the lifetime of 2 ns expected for a Cy3 species that is unable to photoisomerize, calculated
from the radiative fluorescence rate for Cy3 of 5 x 10® s (183). The intermediate lifetime
probably arises from Cy3 in a series of environments in which rotation about the polymethyne
linkage of the fluorophore is constrained but not prevented. These are unlikely to be freely
mobile, because such a high proportion of unstacked fluorophore is not consistent with the
NMR data. However, the lateral motion could partially expose the fluorophore such that some
segmental rotation within the polymethyne linker becomes possible, shortening the fluorescent

lifetime.

Assuming that the dynamic properties of the chemically-similar Cy5 are comparable to
Cy3, up to 31 % of the fluorescent emission could be due to molecules in which one or both
fluorophores are in an unstacked conformation. We therefore simulated our data assuming that
31 % of the molecules had freely mobile fluorophore such that k* = 2/3 (Figure 4.4 B). This
provides an equally good fit to the experimental data (both ensemble and steady-state)
compared to the fully-stacked model, giving a HWHM of 42° for the fluorophores remaining

stacked on the helix. However, simulations show that using a free fraction of fluorophore plus a
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stacked fraction with no lateral flexibility cannot explain the data. First, the minima and maxima
are no longer in the correct positions. Second, we require a free fraction of =75% to
approximate the experimental data, and this is plainly in contradiction with our earlier NMR

data (179).

4.3.4 An altered periodicity of modulation in a DNA-RNA
hybrid duplex series

The modulation of Ewzer with twice the frequency of the DNA helix provides strong
evidence for the orientation dependence of the dipolar coupling. And this suggests a further test
of the model. On the basis of this model we expect that an A-form helix should produce a similar
modulation, but with an altered period and phase since this helical conformation is less tightly
wound than the B-form helix of double-stranded DNA. We therefore tested the prediction by
the construction of a new series of terminally Cy3-Cy5-labeled duplex species with one DNA and
one RNA strand. These hybrid duplexes should adopt an A-form helix (185-187). FRET efficiency
was measured using both steady-state ensemble spectroscopy and single encapsulated
molecules by TIR microscopy as before. The data are presented in Figure 4.5, with the data for
the DNA duplexes reproduced in grey for comparison. The profiles have the same appearance as
those for the DNA duplexes, with a clear modulation superimposed onto a generally reducing
Errer as duplex length increases. However, the modulation is clearly not in phase with the DNA
data, with maxima observed at 11, 17 and 22-bp. The efficiency of energy transfer is modulated
with twice the periodicity of a helix corresponding to =12-bp/turn, that is, in good agreement

with that expected for an A-form helix.

We also carried out time-resolved fluorescence lifetime measurements of Cy3 attached
to DNA/RNA duplexes of 16 and 22-bpin length (Table 4.1, Figure 4.9). As with the DNA, the data
were best fitted using three species, with lifetimes (amplitudes) of 330 ps (6.1 %), 990 ps (46.4
%) and 1.84 ns (47.5 %). As with the DNA, we attribute the short lifetime species to unstacked
Cy3 molecules, and the remaining species to stacked fluorophores. These data indicate that the

Cy3 is stacked more fully on the A-form helix compared to the DNA duplex.

On the basis of these results we simulated our FRET efficiencies as a function of
DNA/RNA duplex length based on an A-form helix with 12-bp/turn and a rise of 3 A and an

unstacked fraction of fluorophores of 12 % with «* = 2/3 (Figure 4.5). Good agreement with the
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experimental data was obtained by inclusion of lateral fluorophore mobility with HWHM = 42°
for the stacked fluorophores, and a refractive index n = 1.33. To obtain the best absolute
agreement, a value of fluorescence quantum vyield of 0.35 was used for the DNA-RNA duplexes,

consistent with the greater proportion of the long-lifetime species.

4.4 Conclusions

The observed modulation of the distance dependence of FRET for the DNA and hybrid
DNA-RNA series, and the agreement with simulations based on B and A form helices, provide
strong evidence for the orientational dependence (i.e., k%) of energy transfer efficiency by using
the commonly employed Cy3-Cy5 donor—acceptor pair. Our experiments unequivocally establish
that Forster transfer obeys the orientation dependence as expected for a dipole—dipole
interaction. In many situations a simple inverse-distance interpretation of FRET efficiency will
provide an adequate qualitative interpretation, but our data show that the common assumption
that FRET is a monotonic function of distance can actually fail under certain circumstances. For
the extraction of precise distance information, it will be necessary to take account of the
orientation dependence. From our data we calculate that the assumption that k? = 2/3 could
result in an error of up to 12 A in distance estimation in some circumstances, notably when the
transition moments are close to perpendicular. The discrepancy might be reduced if significant
flexibility can be introduced into the linker connecting the two fluorophores. For example,
changing the length and characteristics of the covalent tether might result in a flexible
fluorophore, although this cannot be assumed a priori. If the fluorophores remain stacked on
the helix, the orientation effect could lead to misassighment of states in single-molecule
experiments if the assignment is made based only on the FRET efficiencies, especially in more
complex systems with multiple states. Therefore, additional control experiments should be
performed to provide independent support for the assignments. On the positive side, the
orientation effects in FRET could be a valuable tool in structural biology. A full understanding of
the orientation dependence could greatly extend the use of FRET measurements to provide

both accurate distance and angular information.
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4.5 Materials and Methods

4.5.1 Synthesis and preparation of duplex species

Deoxyribooligonucleotides were synthesized using standard phosphoramidite
chemistry, and ribooligonucleotides were synthesized using 2’-t-BDMS ribonucleoside -
cyanoethyl phosphoramidites (188), as described in ref. (189). Cy3 and C5 were added to 5’-
termini as phosphoramidites at the end of synthesis as required. Fully deprotected
oligonucleotides were purified by electrophoresis in 20% polyacrylamide gels containing 7 M
urea, and recovered by electroelution. The cyanine-conjugated strands were further purified by
reversed-phase chromatography using a C;g column eluted with a gradient of acetonitrile in
100mM triethylammonium acetate. Duplex species were assembled by mixing stoichiometric
guantities of purified DNA (Cy3 or Cy5 labeled) or RNA (Cy3 labeled) in 90 mM Tris-borate (pH
8.3), 25mM NaCl, cooling slowly from 95°C to 4°C. Duplexes were then purified by
electrophoresis in 20% polyacrylamide under non-denaturing conditions in 90 mM Tris-borate
(pH 8.3), 25 mM NaCl. Gel fragments containing the required duplexes were excised, and the
double-stranded nucleic acids recovered by electroelution. The purified DNA or DNA/RNA
species were dissolved in 90 mM Tris-borate (pH 8.3) and absorption spectra recorded from 220
to 800 nm using a Cary 1E UV-visible spectrophotometer. The full sequences of all the duplex

species used in this study are listed in Table 4.2.

4.5.2 Steady-state ensemble fluorimetry

Fluorescence emission spectra were recorded at 4°C using an SLM-Aminco 8100
fluorimeter in 90 mM Tris-borate (pH 8.3). Spectra were corrected for lamp fluctuations and
instrumental variations, and polarization artifacts were avoided by crossing excitation and
emission polarizers at 54.7°. Erzer Wwere measured with the acceptor normalization method (181),

using emission spectra (550-720 nm) excited at 535 and 600 nm.

4.5.3 Modeling the dependence of FRET efficiency on duplex
length for rigidly stacked fluorophores
We calculate the inter-fluorophore distance for each duplex R as

R=(L-1)*H) +D
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where L is the length of the helix (bp), H is the helical rise per-bp step, and D is the additional
axial separation for the two fluorophores. The angle between the transition moments A is

calculated as
A= ((L-1)*T) + C3A + C5A

where T is the twist angle for each base pair, and C34 and C5A are the rotations of Cy3 and Cy5

relative to the terminal base pairs. For B form DNA,

H=3.6Aand T=36° and D=8 A, C3A + C5A = 62".
The orientation factor is calculated as

k? = (sin@o x sin@a * cosA — 2 * cos@p * c0s01)?

For the case where the fluorophore planes are parallel and close to coaxial (i.e., ®p, @4 ~90°),
this reduces to

k? = cos’A

k> and hence Ro are calculated for each length, and thus the value for Erer. This calculation has

been performed over 141 steps from 10 to 24-bp in Kalaidagraph, and interpolated (Figure 4.2).

4.5.4 Modeling the dependence of FRET efficiency on duplex
length with lateral mobility of fluorophores

As before, the inter-fluorophore distance for each duplex is given by
R=({(L-1)*H)+D
and the mean angle between the transition moments A is given by
A= ({(L-1)*T) + C3A + C5A

For each species, we set up an array of angles (AA) over a £100° range about the mean, and
calculate k* and hence Rofor each. The value of Emeris calculated for each angular position (Eu),
and the resulting distribution summed, weighted by its distance from the mean angle by using a

Gaussian distribution, that is,
Errer = X (Eaa * P)
where

P = exp — (AA?/1.44H?)
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where H is the half-width. The sum of P is normalized to unity. This simulation procedure was

implemented in a MATLAB program.

Where a fraction of unstacked fluorophores is allowed, that fraction is calculated by
using k° = 2/3, together with an increment to the inter-fluorophore distance (7 A was found to
give the best agreement with experimental data). The resulting Erer is calculated as a linear
combination of the contributions from the stacked fluorophore (calculated as above) and the

freely mobile fluorophore.

4.5.5 Single-molecule measurements of encapsulated duplex
species

Single duplex molecules were studied trapped within phospholipid vesicles in 10mM
Tris-HCI (pH 8.0), 50mM NaCl. Individual DNA or RNA/DNA duplex species were encapsulated in
phospholipid vesicles comprising a 100:1 mixture of either L-a-phosphatidylcholine (EggPC) or
1,2-dimyristoyl-sn-glycero-3-phosphocholine  (DMPC)  with  1,2-dipalmitoyl-sn-glycero-3-
phosphoethanolamine-N-(cap biotinyl) (DPPE-biotin)(Avanti Polar Lipids) by repeated extrusion
through a polycarbonate membrane containing 200 nm pores (Osmonics) (97) as described (98).
This generated 200 nm diameter vesicles, with a 1:1 molar ratio of duplex to vesicles. The
vesicles were conjugated via NeutrAvidin (Pierce) to biotin-functionalized polyethylene glycol
(PEG)-coated quartz slide surfaces. Encapsulated molecules were excited at 532 nm by prism-
based total internal reflection microscope at 12°C (78). Up to 100 images of the surface at Cy3
and Cy5 emission wavelengths were obtained by using an Andor intensified CCD camera, with
an integration time of 100 ms for durations of 2—3 s. Dual-view design of the emission pathway
allowed us to image the Cy3 and Cy5 signals simultaneously. Erzer values were calculated from
averaged Cy3 and Cy5 intensities over 300- to 500-ms periods for each molecule in the images.
Data were corrected for crosstalk between Cy3 and Cy5 channels, backreflection from the
dichroic mirror surface in the dual-view emission pathway, and the background (see 4.5.6).
Histograms of Egger values from 5,000 to 32,000 molecules are plotted in Figure 4.6. Each
histogram contained two major peaks; one at Ewpzer = 0 corresponding to duplexes with active
Cy3 only, and another at higher Egzer resulting from duplex molecules with an active Cy3-Cy5
pair. However, for some constructs, an additional, broad peak was observed at intermediate

FRET values because of some vesicles containing multiple DNA molecules with at least one
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photobleached Cy5. In such cases, we fit the data with three Gaussian peaks to separate the
contribution of the important species. Errors on the reported Eger values represent the standard

deviation of randomly sampled subsets of the data, each comprising =1,000 molecules.
4.5.6 Data analysis of single molecule experiments

From the short time traces average donor (I») and acceptor (I4) intensities are calculated
over a period of 300 to 500 ms. These values are recorded for up to 40,000 molecules for further
processing. Using a scatter plot of total intensity vs. Ewer, lower and higher thresholds are
determined so that Erer populations of Cy3-Cy5 pairs are selected. All of the molecules outside
the threshold limits are discarded. Because the time traces are short we usually don’t see the
photobleached flat lines in time traces to be used as the background value. We employ two
techniques to determine the background values (I, and I4) as shown in Figure 4.7. In the first
method, we make histograms of Ip and Is that are measured from the last 3-5 data points of
each time trace so that fluorophores are more likely to photobleach (Figure 4.7 C). The flat lined
Inand Iswill appear as a peak near 0. Peak positions are then used as the background values. The
second method involves the dual histogram of Ip and I pairs from all of the molecules of the
duplex specie in question. A color density plot of such a distribution is shown in Figure 4.4 B.
Because, in theory, Cy3 and Cy5 intensity ratio is constant, Ewmer populations in the dual
histogram can be fitted to a line. The Ererof Cy3-Cy5 pairs shows up at a higher lavalue, whereas
Cy3 only duplexes populate lower L4 values. Fitting each of these populations to a line and
finding the intersection point provides us with the background values, I, and Is. Sometimes
some Ip and I1 population is found near the origin because of non-active Cy3-Cy5 pairs, the
center of which should also coincide with the intersection. By using these guidelines, we
determine the background values and subtract them from the mean intensities to calculate the

apparent Erervalue for each molecule.
Errer = (1 + [Ip — Ibo] / [Ia _IAG])_l

From these values we prepare the initial FRET histograms, which usually comprise two
dominant peaks. The first peak is the donor-only molecules with non-active Cy5. It is not at zero,
because some of the donor emission leaks into the acceptor channel, yielding a donor-only
peak. The peak position of this value, p, is then used to perform crosstalk correction. Another
factor in our apparatus arises from the long-pass dichroic mirror in the dual-view emission

pathway, which reflects a fraction of the Cy5 signal into the Cy3 channel. We measured the ratio
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of this backreflection by using a construct where the Cy3 and Cy5 are so close to each other that
all of the emission comes from Cy5, and Cy3 emission should be zero. Eser from that substrate
should be 1, but we only measure =0.88 indicating a 12% reflection ratio. The experiment was
repeated with a number of substrates where the fluorophores are at very close proximity; the

average value for the reflection ratio is calculated to be r = 0.12 with a very narrow distribution.

True FRET efficiency (Errer) of each molecule is then calculated from averaged donor and
acceptor emissions along with the crosstalk correction factor, p, and backreflection ratio, r,

using the formula:

Ecger = (Eeer — p) /(1 —p — 1)

The gamma factor in our system (190) was measured by looking at Cy5 photobleaching
or blinking traces, where the decrease in the acceptor intensity should be equal to the increase
in donor intensity in theory. If they are not equal, then the ratio of donor-to-acceptor emissions
should be scaled accordingly. This is called gamma correction. This value was measured and
found to be 1 in our system, and therefore we did not apply any additional correction. E*eer
values from each molecule were then used to generate the histograms for DNA and RNA/DNA
duplexes. The peak positions of Gaussian fits were insensitive to the bin size in a range from
=0.005 to =0.05; we chose 0.02. Histograms clearly show the peaks for Cy3-Cy5 pairs and the
donor-only signal E*mer=0. E*mer values less than that of the single pair populate the
intermediate Ererregion; these arise because we use all of the molecules indiscriminately within
the threshold boundaries, and because of multiple duplexes in single vesicles with at least one
photobleached Cy5. The magnitude of intermediate peaks depends on the relative population of
the vesicles with multiple duplexes. We accounted for the intermediate peaks by adding an
additional Gaussian peak in the fits. As the E*wer value gets lower, and the two major peaks
starts to overlap, the presence or absence of the intermediate Gaussian peak does not change

the higher E*merpeak; so, for the longest duplex species, the intermediate peak is omitted.

4.5.7 Time-resolved fluorimetry

Time resolved fluorescence intensity measurements were performed by time-correlated
single-photon counting (TCSPC), using an FL 920 spectrometer (Edinburgh Instruments) (191).
The excitation source was a titanium sapphire (Coherent) laser with 200-fs pulse duration

operated at 76 MHz. Its fundamental output was sent through a pulse picker (Coherent 9200)
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and a harmonic generator (Coherent 5-050) to obtain 450-nm pulses at 9.5 MHz. The excitation
beam was attenuated as needed to avoid pile-up effects. Fluorescence emission was detected
using a monochromator and a cooled microchannel plate photomultiplier tube (Hamamatsu
C4878). The instrument response function, measured by scattering the excitation beam from a
dilute suspension of colloidal silica (Ludox), was less than 100 ps FWHM. Fluorescence decay
curves were recorded on a time scale of 20 ns, resolved into 4096 channels, to a total of 10,000
counts in the peak channel. Decay curves were analyzed using a standard iterative reconvolution
method in the F900 (Edinburgh Instruments) software packages, on the basis of a
multiexponential decay function. The quality of fit was judged on the basis of the reduced chi-

square statistic, and the randomness of residuals.
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4.6 Figures

Figure 4.1 Orientation of transition moments of cyanine fluorophores terminally attached to
double-stranded DNA. (A) The orientation parameter k. The transition dipole vectors for the
coupled donor and acceptor fluorophores are indicated by the arrows, labeled D and A. Vector
A’ is generated by the in-plane translation of vector A to share its origin with vector D. The
definition of %, given in 4.2, is based on the angles shown. (B) If the fluorophores lie in parallel
planes, the orientation parameter simplifies to k* = cos’0; and varies between 0 and 1. The
schematic shows the limiting cases, where the transition moments are parallel (k* = 1) and
crossed (k* = 0). Note that these conditions will occur twice per complete rotation of one
fluorophore relative to the other around their common axis. (C) Parallel-eye stereo image
showing the structure of Cy3 stacked onto the terminal base pair of a DNA duplex, as
determined by NMR. (D) A molecular graphics model of a duplex with Cy3 and Cy5 fluorophores
attached to the 5’ termini via C; linkers. This was generated by using our NMR structures of Cy3
and Cy5 attached to duplex DNA. Note that the fluorophores lie in approximately parallel
planes, and that the angular relationship between them (and thus their transition moments) will
depend on the length of the DNA helix and its helical periodicity.
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Figure 4.2 Simulation of the dependence of calculated efficiency of energy transfer between
Cy3 and Cy5 terminally attached to duplex DNA as a function of the length of the helix. The
calculations are based on the extremes of complete fluorophore mobility (k* = 2/3) and total
rigidity of the fluorophore stacked on B form DNA. The latter calculations were performed for
fluorophores lying in planes that are perpendicular to the helical axis (0°), or with the planes
inclined to the axis by 10 or 20°. These calculations were based on a measured value of the
spectral overlap integral J(A) = 7.2 x 107> M™ cm?, giving Ry = 60.1 A when k* = 2/3. For the case
of rigid and parallel fluorophores, the points plotted are the values for integral numbers of base
pairs.
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Figure 4.3 Efficiency of energy transfer for Cy3, Cy5-labeled DNA duplexes as a function of
duplex length. Erzer was measured for each duplex species, from an ensemble of molecules in
the steady state (filled circles) or from phospholipid vesicle-encapsulated single molecules (open
circles). Estimated errors are shown on the single-molecule data. The data have been simulated
by using a model in which the fluorophores undergo a lateral motion within the plane
perpendicular to the helical axis, giving a Gaussian distribution of probabilities about the mean
relative angle set by the NMR structures. The fluorescent quantum yield for Cy3 was 0.30 (183),
and the refractive index 1.33. The half-width giving the best agreement to the experimental data
was 55°. Standard B form geometry of the DNA helix was used, with 10.5-bp per turn and a
helical rise of 3.6 A per-bp step. The dependence for fully flexible fluorophore (k* = 2/3) is also
plotted.
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Figure 4.4 The existence of an unstacked fraction of fluorophore. (A) Time-resolved fluorescent
lifetime analysis of Cy3 attached to double-stranded DNA. Fluorescent decay curve for Cy3
attached to a 16-bp DNA duplex, showing the experimental data and the instrument response
function (IRF), and the fit to three exponential functions (line). Plots of weighted residuals for
fitting the data to two (x> = 1.33) or three (x* = 1.06) exponential functions are shown below. (B)
On the basis of this analysis, the Egzer data for the DNA duplexes were simulated by using a
model in which the fraction of the fluorophores indicated by the fluorescent lifetime analysis
was given free mobility with k*> = 2/3, whereas the remaining fluorophore was constrained to
undergo lateral motion with a distribution of species as before. The simulation (line) has been
plotted with the experimental data (points) obtained from ensemble (filled circles) and single-
molecule (open circles) experiments. Both datasets were found to be well described by a
simulation in which 31% of the molecules had a mobile fluorophore extended by a further 74,
and the remaining fraction of stacked fluorophore underwent lateral motion with a Gaussian
half-width of 42°. The fluorescent quantum yield for Cy3 was 0.30, and the refractive index 1.33.
Standard B form geometry of the DNA helix was used.
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Figure 4.5 Efficiency of energy transfer for Cy3, Cy5-labeled hybrid RNA/DNA duplexes as a
function of duplex length. The duplexes were constructed by using the same Cy5-labeled DNA
strands as before, hybridized to complementary Cy3-labeled RNA strands. Eqzer Was measured
for each duplex species, from an ensemble of molecules in the steady state (A) or from
phospholipid vesicle-encapsulated single molecules (B). The Emer values are plotted (filled
circles) as a function of helix length. The estimated errors are shown on the single-molecule
data. The black lines show simulation of the data based on the geometry of an A form helix with
a periodicity of 12-bp per turn and a rise of 3 A/bp step. A fraction of freely mobile fluorophore
of 12% was assumed from the time-resolved fluorescence measurements of Cy3 attached to an
RNA/DNA duplex (see text). A refractive index of n = 1.33 and quantum vyield of 0.35 were used
for the efficiency calculations. For both datasets, a half-width for the distribution of lateral
motion of 42 degrees gave the optimal agreement with the experimental data. The data and
simulations for the DNA duplexes are shown for comparison by using open circles and gray lines.
The phase shift between the two helical forms is very clear.
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Figure 4.6 Histograms of FRET efficiency (E:«) for phospholipid vesicle-encapsulated DNA and
RNA/DNA duplex species. The y axes represent the number of molecules in each FRET efficiency
bin. Mean Ewer value for each molecule have been calculated from Cy3 and Cy5 fluorescent
intensities that are corrected for the crosstalk between Cy3 and Cy5 channels, back reflection
from the dichroic mirror surface in the dual-view emission pathway, and the background. Each
histogram contains two major peaks (thick blue curves) and an intermediate peak (thin blue
curves). The first major peak at Ewer =0 corresponds to duplexes with active Cy3 only, and the
second major peak at higher Ewer resulting from duplex molecules with an active Cy3-Cy5 pair.
The latter was used to calculate the Ewevalue for each species. Intermediate peaks are due to
the multiple Cy3-Cy5 pairs in vesicles, some of which have photobleached Cy5, yielding average
Ewervalues that are less than Ewer of the active Cy3-Cy5 pairs.
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Figure 4.7 Data analysis method for single-molecule experiments. (4) How the total emission
from the Cy3 and Cy5 molecules is separated to their respective channels at the 650-nm long-
pass dichroic mirror. The explanation for all of the terms in the formulas is provided in E. (B) The
background for the donor and acceptor channel is determined by using a dual histogram of
apparent Cy3 and Cy5 signal pairs. The particular density map was generated from 8,800
molecules of 15-bp DNA/RNA duplexes. The color represents the density of the molecules, red
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being the highest density and the blue being the lowest. Because Eweis determined by the ratio
of the acceptor signal-to-donor signal, a population of certain Ewer pairs should be distributed
along a straight line in this plot depending on the total intensity of the pair. Two major
populations belong to active Cy3-Cy5 pairs and only Cy3 active duplexes as shown. A small third
population appears close to origin and arises from duplexes with inactive Cy3 or Cy5. Because
we have a background signal in both channels, this third population is not at the origin, so the
center of this population gives the background values in the respective channels as shown with
red arrows. The intersection point of the lines that are fitted to the two major populations
should also give this background value. Both techniques are used. (C) Ewe histogram after the
background correction is shown for the 8,800 15-mer RNA/DNA molecules. The donor-only peak
position (crosstalk correction parameter) p is determined at this stage via Gaussian fitting. The
intermediate broad peak arises mainly from vesicles with multiple duplexes of active and only
Cy3 active pairs. (D) The same histogram after the crosstalk (p) and the back reflection (r=0.12)
corrections are performed. The true Ewervalue of the Cy3-Cy5 pairs on this duplex is given by the
center of the second major peak. (E) The explanation for the symbols used in the formulae used
above.
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Figure 4.8 The chemical structures of the cyanine fluorophores. (4 and B) The structures of Cy3
and Cy5, respectively. (C) The structure of Cy3 attached to a terminal GC base pair of DNA. The
broken line shows how the 3-carbon tether attaching Cy3 to the 5’-phosphate can be drawn
equivalently to an additional deoxyribose group.

116



16 bp RNA/DNA

104
1000
counts
100 4
104 b
1 T T T T
2
4
J 2 expon
04
residuals '3
< 3 expon
0
-4

time / ns

Figure 4.9 Time-resolved fluorescent lifetime analysis of Cy3 attached to double-stranded
RNA/DNA hybrid duplex. Fluorescent decay curve for Cy3 attached to a 16-bp RNA/DNA duplex,
showing the experimental data and the instrument response function (IRF), and the fit to three
exponential functions (line). Plots of weighted residuals for fitting the data to two (X°=1.113) or
three (X?=0.986) exponential functions are shown below.
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4.7 Tables

Three components Two components
T e f x? T [ f x2
DNA 22 bp
0.39 0.019 16.5 0.957 0.61 0.032 42.6 1.238
1.05 0.026 61.3 1.53 0.017 57.4
1.97 0.005 222
DNA 16 bp
0.39 0.018 16.9 1.062 0.59 0.029 40.6 1.326
1.04 0.025 61.6 1.47 0.017 59.4
1.91 0.005 21.4
RNA/DNA 22 bp
0.36 0.011 7.0 1.060 0.71 0.026 33.0 1.493
1.03 0.026 49.1 1.64 0.023 67.0
1.84 0.013 43.9
RNA/DNA 16 bp
0.31 0.009 5.3 0.986 0.69 0.025 31.2 1.113
0.96 0.025 43.7 1.63 0.023 68.8
1.77 0.016 51.1

Table 4.1 Fluorescent lifetime data for 5-Cy3-labeled DNA and RNA/DNA duplexes. The results
of fitting to two and three exponential functions are presented. t (ns), a, and f are the
fluorescent lifetime, relative amplitude, and steady-state fractional intensity for each
component, and ¥’ is the chi-squared statistic.
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10bp

Cy3-5’-CCACTCTAGG-3’
Cy5-5’-CCTAGAGTGG-3’

11bp

Cy3-5’-CCACTGCTAGG-3’
Cy5-5’-CCTAGCAGTGG-3’

12bp

Cy3-5’-CCACTGGCTAGG-3’
Cy5-5’-CCTAGCCAGTGG-3’

13bp

Cy3-5’-CCACTGCGCTAGG-3’
Cy5-5’-CCTAGCGCAGTGG-3’

14bp
Cy3-5’-CCACTGCTGCTAGG-3’
Cy5-5’-CCTAGCAGCAGTGG-3’
15bp
Cy3-5’-CCACTGCCTGCTAGG-3’
Cy5-5’-CCTAGCAGGCAGTGG-3’
16bp
Cy3-5’-CCACTGCACTGCTAGG-3’
Cy5-5’-CCTAGCAGTGCAGTGG-3’
17bp
Cy3-5’-CCACTGCACCTGCTAGG-3’
Cy5-5’-CCTAGCAGGTGCAGTGG-3’
18bp
Cy3-5’-CCACTGCACGCTGCTAGG-3’
Cy5-5’-CCTAGCAGCGTGCAGTGG-3’
19bp
Cy3-5’-CCACTGCACCGCTGCTAGG-3’
Cy5-5’-CCTAGCAGCGGTGCAGTGG-3’
20bp

Table 4.2 DNA Sequences Used to Construct the Duplex Series. The RNA/DNA duplexes had the
same sequence, where the Cy3-labeled strand was exchanged for RNA, for example, the 10-nt
strand was Cy3-5’-CCACUCUAGG-3’. These were hybridized with the same Cy5-labeled DNA
strands.
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