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Abstract

Single molecule fluorescent techniques have becetaadard approaches to
study protein-DNA interactions. However, these tegbhes have largely been confined
by limitations in assays to studying the interactieetween simple DNA substrates and a
single proteinDuring my PhD | developed several novel assaysudysa long-standing
controversial biophysics question (flexibility ohat dsDNA), genome packaging in
viruses (Influenza and T4) and dynamics of challeggrotein complexes (membrane
proteins).

The classical view of DNA posits that DNA must k#f elow the persistence
length (<150 base pair) but recent studies addrgssiis have yielded contradictory
results. We developed a fluorescence-based, privesn assay for studying the
cyclization of single DNA molecules in real timehd looping rate for short DNA
molecules has remarkably weak length dependeneeebrt67 and 106 bps, deviating
significantly from the worm-like chain model. We opose that many biologically
significant protein-DNA interactions that involvedping and bending of DNA below
100 bp likely use this intrinsic bendability of DNA

One of the critical aspects of a virus life cydepiackaging of the viral genome.
Different viruses have devised intelligent mechansisto perform this task. | studied
packaging mechanism in Bacteriophage T4 and Inflaecmfluenza A virus possesses a
segmented genome of eight, single-stranded RNAweMer, the exact copy number of
each viral RNA segment per individual virus pagghas been controversial for the past
50 years. To address this question we combinedesimglecule TIRF microscopy and
multi-color fluorescentin situ hybridization (FISH) to study the composition afa¥
RNAs at single-virus particle resolution. Our résuishowed that a high percentage of
virus particles package a single copy of each sagro€ viral RNAs. Our findings
support a model that the packaging of influenzaogemis a selective and robust process.

Finally we developed a single molecule fluoresceassay to study initiation and
re-initiation of dsDNA packaging in the T4 bact@t@age. Using this assay we quantified
the details of T4 “packasome” assembly. Also, wewsd that the T4 packaging

machine can package multiple DNA into the same leadrst-like fashion.
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Chapter 1
Introduction

1.1 Flourescence

The phenomenon of fluorescence occurs when arspaciabsorbs a specific
wavelength of light and consequently emits lighitagturn to its ground state from the
excited state. British scientist Sir George G. 8tokrst quantified this phenomena and
coined the term “fluorescence”. Stokes wrote “ltsveertainly a curious sight to see the
tube instantaneously light up when plunged into itmésible rays: it was literally
darkness visible. Altogether the phenomenon hacetiunyg of an unearthly appearance.”
(2). Since then, fluorescence techniques have beammmtegral part of the modern
biomedical research and it is impossible to imagmeent developments without the use
of fluorescent techniques.

The basic principle of fluorescence can be degicte Jablonski diagram (Figure
1.1A) ). A molecule at room temperature primarily residests lowest energy state
which is the singlet ground state)\SThe molecule then can absorb a photon with icerta
wavelength and transit to the singlet excited s(8g Both the ground state and the
excited state have multiple vibrational levels alegpending on the excitations energy, a
transition occurs between a vibrational level ina®d S, within 10™ seconds. After
excitation, the molecule is quickly relaxed to thevest vibrational level of the excited
electronic state. This process is called interoalversion (or vibrational relaxation) and
occurs on the time scale of 10-10"% seconds. The molecule remains in the lowest
vibrational level of the excited electronic stabe & period on the order of ¥&econds,
so called the fluorescence lifetime. Fluorescencessom occurs as the fluorophore
decay from the singlet electronic excited stateartaallowable vibrational level in the
electronic ground state. The energy lost during itlternal conversion results in the
emitted photon has a lower energy (longer wavelgnitan the excitation photon. This
phenomenon is called Stokes shift. Alternativetg éxcited molecule in;®an relax to
the lowest excited triplet stateifTthrough a process called intersystem crossings Th
transition is rare and takes #00° seconds. Once in;the molecule may relax to the
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ground state via a slow radiative process (phogstence). Alternatively, the molecules
in the triplet state can relax to the ground sthaye nonradiative processes where
excitation energy is not converted into photons isudlissipated by thermal processes

such as vibrational relaxation and collisional qtieng.

1.2 Forster (Fluorescence) Resonance Energy Trans{&RET)

Energy transfer is a non-radiative process thromigich a molecule in the excited
state transfers energy without emission (FigureB)l.1Fo6rster (or Fluorescence)
Resonance Energy Transfer (FRET) refers to theradiative transfer of an electronic
excitation from a donor moleculd®) to an acceptor molecul@) via dipole-dipole
interaction (equation 1.1), first described by Eeérén 1946 3).

D+ hv - D*
D*+A-D+ A" (1.1)
A= A+ h

The dipole-dipole interaction energy is of the folkf, = A% whereA is a

constantR is the distance between the donor and acceptotedigandx is a constant

that depends on donor and acceptor dipole oriemstiAccording to the Fermi’s golden
2
rule, the transition rate between the initial anthlf states is proportional |(o‘|\/im|i>|

whereli) = |D*A) and|f) = |[DA*) are the initial and final states. Therefore thergy

transfer rate would b&_, [ % Exact calculation of the transfer rate yields:

gy = — (R°)6 1.2
o= (3 (12)
wheret, is the fluorescence lifetime of the donor in theence of acceptoR, which is

the Forster distance the can be written as:
Ry® = (8785x10") ¢, k*n*J(v) (nnf) (1.3)
whered,, is the donor quantum yield in the absence of tleegtor,n is the refractive

index of the medium«® is the dipole orientation factor (ranging fromdd4 and it is 2/3

for a pair of freely rotating dipoles) (Figure 1P#nd is calculated by



k% = (cosy — 3 cos a cos B)? (1.4)
J(v) is the integral of the spectral overlap betweendbnor emission and the acceptor
absorption (Figure 1.2B).
FRET efficiency, E, is a measure of what fraction of donor excitati@n i

transferred to the acceptor and is giventby k., /(kc; +k, +k, ) wherek and k,, are

radiative and non-radiative decay rates of the doblging these definitions, and eq.
(1.2), the FRET efficiency can be written as:

E(R) = 1 S (1.5)

6
1+(kr +knl’] 1+ R
Ker R,

The power 6 dependence of FRET efficiency on ttetadce between the donor and
acceptor makes FRET a powerful tool to probe andsone the relative distance between
donor and acceptor with very high sensitivity (Fgd.3A). However it is important to

remember the sensitivity of this method dependshendistance between donor and

acceptor, with the highest sensitivity aroleR, (Figure 1.3B).

1.3 Single Molecule Fluorescence

Fluorescence-based single molecule techniqueslben@me a staple approach in
biomedical research in the past 20 years by progigireviously unobtainable data on
fundamental biological processes).(Techniques based on single molecule FRET (
fluorescence quenching7)( single molecule localization and tracking) (and
polarization spectroscopy9) are being extensively used to study protein-nacle
interactions as well as conformational dynamicproteins complexes and nucleic acids
structures. In this section | will discuss pradtiaspects of single molecule fluorescence
which | used in the following chapters.

1.3.1 Total Internal Reflection Microscopy

One of the major hurdles in detecting single males is the high background
from diffusing fluorescent molecules in epi-fluocceace microscopy. A key
advancement was achieved by using total internfé&cteon (TIR) microscopes and



probing surface tethered moleculeB),( 13. In TIR microscopy an exponentioally
decaying evanescent field is created on the suffE®e The “penetration depth” of the
excitation field is 100 nm — 200 nm which greatguces the background fluorescence.
Since TIR is a wide-field microscopy technique,altows for probing hundreds of
molecules at the same time which greatly enhareegiéeld of an experiment.

Figure 1.4A shows the schematic of the prism-ty{. In brief, the excitation
laser is guided towards the microscope sample haldang appropriate mirrors. The
laser intensity is attenuated using the combinatiba half-waveplate and a polarizing
beam-splitting cube or with neutral density filtelrs our setup, we used a solid-state laser
at 532 nm and a HeNe laser at 633 nm. The twodagere combined through the beam-
splitting cube. Finally the beam is focused ont® dbjective with a TIR lens. Imaging is
done through a 60X water immersion objective (UPDBBXW, 60x, 1.2NA, Olympus)
(Figure 1.4B). In the detection path of the seaup50 nm long-pass filter and a 635 nm
notch filter remove the scattered excitation lifyotn the 532 nm and 633 nm lasers. The
fluorescence emission from the excited fluorophomes then split using a 650 nm
dichroic filter and imaged with an electron-mulgiiplg charge-coupled device (EM-
CCD) cameraX3). An area of (75 um x 75 um) can be imaged on¢o8t2 mm x 8.2
mm CCD chip at one time.

Fluorescence signal is recorded in real time usioge-written Visual C++
software either in 8 bits or 16 bits. The movies analyzed using either a custom-written
IDL or a C++ program. In brief, an average imagerisated by averaging few frames
from the movie (5 to 12 frames). This averaging oees the noise and increases the
detection accuracy. Then the fluorescent molecthas exhibit a Gaussian intensity
profile are selected in the averaged image. Thesleaules are tracked over time and
their fluorescent intensity is recorded to builé thtensity time trace for each molecule.

These intensity time traces were used for furtinahesis.

1.3.2 Single Molecule Fluorescent Dyes
The most popular dyes for single molecule studresorganic fluorophores such
as Cyanine, Alexa and Atto fluorophores. Theser@iphores are very bright (have high

extinction coefficient and high quantum vyield), watoluble, small in size and



photostable without large intensity fluctuations.this thesis, Cy3 and Cy5 fluorophores
were used in all the experiments presented (Fifjte Also Cy3 and Cy5 are the most
popular donor and acceptor pair for smFRET (Cyghasdonor and Cy5 as the acceptor)
because 1) their spectral separation is large (nb@0but they have considerable spectral
overlap; 2) they are both photostable in oxygee-teavironment and 3) their quantum
yields (~0.25) are comparable. We used the 532aser lfor Cy3 excitation and the 633
nm laser for Cy5 direct excitation. In the FRET epiment the FRET efficiency was

calculated by:

— I A
E= (L4)

wherel, andlp are the emission intensities of the acceptor aadltmor respectively.

1.3.3 Imaging Buffer

One of the major limitations in performing singlaolecule fluorescence
experiments is the photobleaching phenomena. Pleatcdiing occurs when a
fluorophore permanently loses the ability to flleme due to photon-induced chemical
damage and covalent modification. Another unfavieraphotophysics related to
fluorophores is “blinking” of fluorophores. Blinkin happens when the fluorophore
intensity repeatedly drops to zero and then coraek tb normal 14). Molecular oxygen
is primarily responsible for photobleaching, eititrough direct interaction with a
fluorophore in the excited state or indirectly bydwucing free radicals in solution.
Therefore, it is essential to remove molecular @xydor achieving long observation
times. However, @is an efficient triplet state quencher and remgwRrygen to prolong
the photobleaching time of the fluorophore wouldrégase the dark state lifetime to
milliseconds 15). Therefore, to observe fluorophores for extendedogds of time,
oxygen must be removed from the solution but aerditive triplet-state quencher
should be used.

In all the experiments in this thesis 3-4 mM Troleas used as the triplet state
guencher. Also, an oxygen scavenging system cargist glucose oxidase (165 U/ml),
catalase (2,170 U/ml) arfdD glucose (0.4% wt/wt) was usetld]. Trolox is prepared by

dissolving 8 — 10 mg Trolox powder in distilled watTrolox is a weak acid and it does



not dissolve in water efficiently. We found thatdaty NaOH to the final concentration
of 5 mM would completely dissolve the Trolox. Aftedding water and NaOH to trolox,
the tube is covered with aluminum foil to protecbri light and tumbled at room
temperature for 2 hours. It is then kept in thdde and could be used for up to a month.
This imaging buffer allows us to probe single males for several minutes and collect
more than a million photons before photobleaching.

It is worth mentioning that gluconic acid is an avdrable side product of the
aforementioned oxygen scavenging system. As atrgsdl of the sample would drop
after applying the imaging buffell]). The rate of pH drop depends on the buffer
strength of the imaging buffer however, it is im@aott to supply fresh imaging buffer if

the experiment is longer than 30 minutes.



1.4 Figures
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Figure 1.1 (A) Jablonski diagram of a typical fluorescent emlle. The ground state,S
the singlet states; %nd the triplet state;Tare represented by thick black horizontal lines
and the thinner horizontal black lines depict tligrational states associated with each
electronic state. Photophysical processes occutatransitions between different states
are represented by coéar arrows. (B) The energy diagram for fluorescens®mance

energy transfer (FRET) between donor and accepbdtecules.
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Figure 1.2 (A) The orientation parameta. The transition dipole vectors for the
coupled donor and acceptor fluorophores are inglicaty the arrows, labeled D and A.
Vector D is generated by the in-plane translation of ve&oto share its origin with
vector A. The definition ok? is given by Eq. (1.5) and is based on the andiew/s. (B)
Spectral overlap between the donor emission andatteeptor absorption used to

calculate the Forster distance.
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Figure 1.3 FRET Efficiency as a function of the distance edw donor and acceptor.
The Forster distancdRf) for Cy3-Cy5 pair is about 55 A. FRET efficienayR= Ry is
0.5. FRET sensitivity (defined a€MiR) as a function of distance. As it is seen, the

highest sensitivity is arourig= Ry.
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Chapter 2

Mechanical properties of DNA on
Short Length Scales

2.1 Introduction

DNA in the cell undergoes conformational and medwralteration over a wide
range of length scales and time scales. Proceashsas cell division, DNA duplication,
and DNA packaging involve DNA management on theogestwide scale whereas
interactions such as epigenetic modifications ofADR’hismatch repair, and regulation of
gene expression affects DNA locally. Because thegeractions involve physical
manipulation of DNA, the mechanical properties diplay a crucial role in regulating
and managing these interactions. Therefore, tobte t8 understand and control such
processes we need to have a clear picture of th& ghysical properties on the relevant
length scales and timescales.

Bending and looping of segments of DNA below 108ebpair (bp) is ubiquitous
in cellular processes such as regulated gene etpnes bacteria and eukaryotek3(
19), packaging of DNA in viral capsids and DNA stogagpmplexes in eukaryotea(Q.
According to a widely used approximation, DNA duple modeled as an elastic rod and
its mechanical properties are described by the wikenchain (WLC) model. Persistence
length () is a measure of the bending rigidity of DNA awd & DNA molecule that is
several kilobasepair (kbp) or longég, can be readily measured using bulk or single
molecule manipulation tools and is about 50 nm5fy hasepairdl). In this framework,
formation of DNA loops or sharp bends over lengtales shorter thaly incurs a large

energetic cost which makes the probability of tlegiontaneous formation vanishingly

" This work in Chapter 2 has been published asdheviing paper and book chapter:
» Vafabakhsh, R. & Ha, T. “Extreme Bendability of DNA&ss than 100 Base Pairs Long Revealed by
Single-Molecule Cyclization"Science337, 1097-1101 (2012).
* R. Vafabakhsh, K. S. Lee, T. Ha “Recent Advancestiilying mechanical properties of DNA”,
Advances in Chemical Physics, Volume (Ehn Wiley & Sons, 2012).
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small. Therefore, quantifying the intrinsic bendipiof DNA at biologically important
length scales is essential for understanding DN#tgdn interactions.

In this chapter first | briefly review the thedpatl and experimental approaches
to study and model mechanical properties of doatstended DNA (dsDNA). Then | will
introduce the single molecule cyclization assay igdpplication to examine theoretical

models of DNA at biologically relevant length scale

2.1.1 The Worm-Like Chain Model (WLC) for DNA

The simplest mechanical model for the DNA is theely joined chain (FJC)
model. This model treats a polymer as a chain @épendent and uncorrelated segments
with a fixed length (Kuhn length). A one dimensibfraely joined chain polymer with N
segments, each of length is mathematically equivalent to a one dimensioaaldom
walk consist of N steps each of length(Figure 2.1A). The end-to-end distance
probability distribution for such a polymer 22):

P, (R) L T (2.1)

\27rNB

For this polymer, the variance of dsDNA length fliations 6%.w) depends on the
nature of the correlation between individual bagsp#uctuation bsz). If fluctuations
of single basepairs are completely uncorrelateth tifgw = N szp, whereN is the
number of basepairs. On the other hand, if themhbEfluctuations of all basepairs are
fully correlated 6ot = N 6%p (23).

To model the bending of dsDNA for a chain we casigrs a bending energy

proportional to the cosine of the angle betweemgean vectors of adjacent segments in

the form of: E=~-g({(,,) whereg is the bending modulus. For such a chain, the

thermal correlation between two segmerdaadj would be R4):
A |j-i|Ln| cot 9 | keT
(td)=e ) e
For Eqg. (2.2) the correlation of tangent vectorfisfaff exponentially with the

characteristic length of 1

Ln [coth{gj - kBTj
KT g
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Accordingly, in the continuum limit, the bendingeegy of the polymer can be

written as

2

o
E =Ejds{$ 2.3)
2+ |ds

whereB is the bending rigidity of the polyme25). By extending the result for a discreet

polymer to the continuous polymer, the tangentarecdrrelation can be written as:
-~ A~ (8-%)
((e)i@)=e 7 @4

whereP is the persistence length of the polymer, relédats bending rigidityP :% T
B

(26). This is the basic worm like chain model (WLCYdms been the standard platform

for modeling the mechanical properties of DNA.

2.1.2 Ensemble Methods for Studying DNA Mechanit¢#roperties

Quantifying the mechanical properties of DNA hawei an active subject of
research since the discovery of DNA helical strieetuEarly studies used electron
microscopy 27) and hydrodynamic and optical metho@8)(to measure the persistence
length of dsDNA. Hydrodynamic methods are based measuring intrinsic
sedimentation and viscosity coefficients of DNA smlles in solution as a function of
molecular weightZ9). By fitting the results of such experiments teekevant theoretical
model for a WLC polymer, a value @00+ 10(A was estimated for the persistence
length of DNA @9, 30.

Optical methods are based on light scattering. tLggtattering measurements
provide information about molecular weight and s2&®NA coils which can be used to
deduce the persistence length of DN3Y)( Alternatively, angular dependence of light
scattering from a polymer solution can be usedstomate the persistence length of DNA
(32). Transient Electric Birefringence (TBE) has alseen used to quantify DNA
elasticity 83). In this method a short electric pulse (severaroseconds) introduces
optical anisotropy in the sample and gives risebii@fringence. After the field is
switched off, the characteristic relaxation timarafuced birefringence is measured. By
fitting to an appropriate model, this relaxatioméi can be used to measure the rotational

diffusion coefficient and persistence length of DNA4). Using this approach a

13



persistence length of approximately 500 A was deitezd for the double stranded DNA.
Also it was shown that the persistence length ofADhas a weak dependence on
monovalent ion concentrations above 1 mM conceaotratf ions.

The ensemble assays for measuring persistencenhlenddNA as a gauge of its
elasticity suffer from fundamental limitations. bulk assays the average behavior of
many molecules is being probed and intermediatéesstar rare events cannot be
resolved. In addition, the heterogeneity of molesuimit the accuracy and resolution of
measurements3p). Moreover, all these bulk assays are indirect laasied on inferring
the persistence length from measuring other phlygioaperties of DNA in solution.
Therefore, although a great deal of mechanicalrmé&tion about DNA molecules was
discovered using these bulk assays, these limistiinder the applicability of bulk

assays to probe structural and mechanical detaisaeic acids.

2.1.3 Single Molecule Measurements of DNA Mecharal Properties

Single molecule techniques such as optical twedmere enabled us to probe the
mechanical response of single DNA molecules undéereal force. To infer elastic
properties of DNA from these experiments, one nesdsroper model to fit to the
experimental data and get those parameters. Thagevextension of a FJC polymer

with the Kuhn lengthb and under an external forEecan be written as:

(x)= L(coth[fi]—%} (2.5)

This relationship has shown to describe the behafialuplex DNA in the limit

of small forces with a good accurady € 0.08 pN) 86). In this regime DNA acts like a
. : . . S&BT . :
spring with an effective spring constant i Unfortunately, at the intermediate and

large forces this simple model fails. However, Windbdel provides a very good
description of DNA in this force regimé& 10 pN) 87) (Figure 2.1B). In this range, an
approximate relationship which only accounts foe tBntropic energy contributions

provide an excellent fit to the dat28}:

_ kBT 1 _X_i.
F'(Pj(él(l—mo)”g LJ (26
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whereP andL, are persistence length and contour length of DNiAce this model is

purely entropic and describes an inextensible pelymith a fixed contour length, a
deviation from this theory is observed at forcesva10 pN. This can be corrected by
introducing a finite stretching modulus in the mioddich accounts for the enthalpic

stretching and can fit the stretching data at rgeto 50 pN39):

(kT 1 x_F_ 1
F'(P)(4(1-WLD+F/KO)2+LO K, 4] @7

hereK, is the dsDNA stretching modulus (The force reqiiite double the length of
DNA) and it is estimated to be about 1000 p3®)( Figure 2.1B shows the force-
extension data for #DNA (contour length=16.3 um) in 50 mM Nalong with fit to

FJC, approximate Marko-Siggia (Equation 2.6) andliffed Marko-Siggia (Equation
2.7). From such single molecule experiments thsigtence length of DNA has been
estimated to be around 45 nm to 50 nm dependirtheohuffer conditions21, 39.

2.1.4 | factor
For a simple WLC chain with the persistence lergjtR, the elastic energy cost
to form a circular loop of length based on Equation 2.3 is:
%=2n2§=3000l\%p (2.8)
whereNy, is the number of basepairs in the duplex. For ald®@sDNA this energy is
about 30ksT which is a large energy in the cellular level (TFAhydrolysis produces
about 20ksT energy). It is worth mentioning that the lowesergy of a dsDNA loop is

not a circular shape but a tear-drop-shaped |d@p (n this case the elastic energy is

teardrop __

T 14055% which is about 71% energy of a circular loop.
B

The bending energy by itself is not enough to mtettie probability of dSDNA
looping; one must also sum over the bending flucna, thermally excited changes in
shape. Cyclization experiments are often reporsedgua quantity known as thdactor,
which has the units of concentration.factor can be interpreted as the effective
concentration of one end of the dsDNA moleculehia Yicinity of the other end. Exact

derivation ofj factor involves sophisticated analytic and nun@rgalculations however
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I will outline a few approximate approaches to aldte this quantity.

The original Shimada-Yamakawa calculation was basedthe saddle-point
approximation of the Green’s functiod1j. In brief, they discretized the continuous
chain into n-segments, parameterized using Eugels, and calculated the minimum
potential energy of such a chain. Then they expémtide energy around this minimum in
terms of fluctuations in the chain configuratione(itwist and writhe). Finally they
estimated the integral over all configurations andved at (Figure 2.2A):

166><P131204(Lj /kT 024% (2.9)
This relationship is valid for L< M since for longer chains the entropic contributions
would be considerable. In fact, for a chain witle: P, we reach the Gaussian chain
limit. In this limit, we may estimate the probabiliof finding the two ends of a long

DNA molecule in the vicinity of each other, usiftetaverage end-to-end distance for
such a chain which ré' 2PL . In this case the two ends of the chain are imlanae of

= (PL)”. Therefore the probability of finding the two ertdgether for a long chain (L

. 1
>>P) scales ag = ———.
Gk
Alternatively, the numerical calculation fpfactor can be done using the transfer
matrix method 42). In this method, first the end-to-end vector mlsttion for a WLC

polymer is represented through

jd?t szEexp{—,BE+ ibk DNzﬂfj}

=1
—= (2.10)
2 ) [d%, - dfe

p()j

N-1

where GE = Zg(ﬂ:l -t)? is the total energy and andb are the elastic constant and
i=1

segment unit length of the polyméy.is a function that imposes a specific boundary

conditionfor loop formation. Using the transfer matapproach, Equation 2.10 can be

. -~ Z(R _ d°k _im
written as o(R) = —~ whereZ(R) = | ——e"*Z, and
PR == (R =] a2
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zZ,=> Zjdzfldsz£<fl|ll,ml><ll,ml|TkN‘1|IN,mN )Iy.my[fy). T is the k-dependent

by Iy my

transfer matrix and its elements can be computexdifn

(,mT 1M = 47(-)"3,., i’ ) + DY@ + )@ +1)((j) l) lo)

jrr

x(l je-aii,(a)Jj(bk)
O m -m

As it mentioned before, the boundary conditionasdied by the functiof. Figure 2.2B

shows two important boundary conditions namely |pgdrand free boundary conditions.

The parallel boundary condition requires the twalsmf polymer come in contact

parallel to each other for the cyclization to happl@ this case¢ = 52(fl,fN) . For the

case of free boundary condition, the two ends carea with any angel they come into
contact with each other. Having th€R) at hand,j could be easily calculated as
j =:\1l—np(0) sincej factor is essentially the end-to-end vector distidn atR=0. It is

A
important to mention that the torsional stiffnedsdsDNA is not considered here.
Including this factor adds a modulation with theipe of 10 bp to thg factor curve
(Figure 2.2A). This is simply due to the fact thia¢ two ends of DNA can anneal more

readily when they are in-phase.

Calculatingj factor for the condition that the two ends can ahmeéhen they are

within a distancea of each other (capture radius Qfis similar. In this case¢ can be
calculate as:j(r) = ifdrﬂn'zp(r') .

4 .

o/

3
2.1.5 Previous Experiments to Quantify Short DNA.ooping

The most well-known experimental approach to qiadgDNA cyclization is
called the ligase assa43). In this approach, dsDNA with sticky overhangsually 4
nucleotides) are incubated with the ligase protgfter certain incubation time, the
ligation reaction is quenched. The ligation reacteelds different products including
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linear monomers, circular monomers, linear dimersular dimers and so on (Figure
2.3A). Since the gel motility of these productsliiferent, they can be separated with
high accuracy on a PAGE gel (Figure 2.3B). As shbwdacobson and Stockmayer the

ring closure probability i$ = K_ /K, whereK_ is the cyclization constant atd is the

biomolecular equilibrium constant for joining twaotacules 44). Taylor and Hagerman
showed that in the framework of the ligase assasn be measured in a single ligation

reaction through:

j=2M, Lim [c(t)/Dt)] t - 0 (2.11)

whereMy is the molar concentration of linear monomer at skart of the reaction and
C(t) andD(t) are the time-dependent concentrations of momaimneles and linear dimers
(45).

Cloutier and Widom were the first to apply the 8gaassay to quantify cyclization
of short DNA molecules (89 - 116 bpg)o( 47). Their results suggested thdactor for
DNA molecules in this range, is up to 5 orders adgmtude higher than the WLC
prediction (Figure 2.3C). In order to explain thasgexpected findings, theoreticians
proposed that the observed higher flexibility isedo thermally-induced formation of
bubbles or kinks in the DNA48, 49. Kinking of the DNA duplex would allow
unusually large local bend angles which enhance# Bixtlization. In a similar way,
bubbles would also create single stranded DNA (s5Di¢gions which are much more
flexible than dsDNA and would increase the cyclmatrate. All-atom molecular
dynamics (MD) simulations were also applied to datee if kinking could be regarded
as an explanation for the Cloutier and Widom redudinkas and co-workers observed
formation of such kinks in DNA circles5(Q). Local basepairing disruption was also
observed in other simulationS1, 59. These studies suggested that formation of dSDNA
circles smaller than 85 bp in length may requiteration of the WLC model to include
sharp bending or kinking of DNA. Although the resofl experiments using ligase assay
and the theoretical and computer simulation wogt #nsued provided a solid evidence
for deviation of dsDNA from WLC model at short le¢hgcales, follow up experiments

challenged these results. Vologodskii and co-warkevisited cyclization experiments of
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dsDNA fragments 10330 bp in length and demonstrated that the WLC ineaeains
adequate for predicting the cyclization probalatof these fragments when assumptions
of the assay are thoroughly me8) (Figure 2.3D).

Since then other experimental approaches have bsed to quantify dsDNA
looping at length scales below 100 bp. AFM imagigsDNA molecules absorbed on a
surface and analyzing their contours showed thatpércentage of large bends in the
DNA was larger than what you would expect basedhenWLC model (Figure 2.4A)
(54). These results were later challenged and atetbtd the specific geometry of the
experimental setup and interaction of dsDNA witk tiharged surface5%, 5. More
recently, small angle x-ray scattering (SAXS) expents examining the equilibrium
end-to-end distance distributions of short DNA freemts with gold nanocrystal labels
again challenged the WLC model at short DNA lengtRgyure 2.4B) 23). These
experiments suggested a cooperative stretchingvlmehaver two helical turns of the
DNA double helix. This interpretation suggested n#exibility regimes for DNA
beyond WLC predictions. However, later it was swjge that the fluctuation of the
linker connecting the gold nanoparticle to the DNAn amplify the real stretching
fluctuations through a linker leverage effest)( This claim was later confirmed in fresh
SAXS experiments and computer simulations that idensd the effect of attachment
linker (58).

Contradictory results from these measurementsf@alh more direct approach to
study flexibility of DNA on short length scales. &aldition, all existing bulk approaches
suffer from inherent limitations such as limitednge of physical conditions and
formation of by-products other than monomer DNAclags (Figure 2.3A), which limit
their applicability to other systems. Moreover, l{tg@me looping events cannot be
detected using these techniques and some of tppseaghes require extensive analysis
which could complicate the results and conclusidds. the other hand, because of
geometrical and technical limitations, single-malec DNA-stretching approaches
cannot be used to study the mechanics of very dbbA molecules. In the single
molecule experiment, even for a moderate lengtDNA with several hundred bp, many
corrections are required to account for the fihgiegth of the chain and the boundary

conditions §9). In addition, because of the relatively long ence length of dsDNA,
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even 100 femto-Newton of force makes configuratioméh sharp local bending

inaccessible. Therefore, DNA responses measureghdphanical stretching would not
include any contribution from such sharply bentfoomations even if they existed in the
relaxed DNA.

2.2 Experimental Results
2.2.1 Single-Molecule Cyclization Assay

We developed a cyclization assay, based on singieaule fluorescence
resonance energy transfer (smFRET), (69, for directly monitoring the cyclization of
single DNA molecules (Figure 2.5A). For the longateobservation while avoiding
dimer formation, DNA molecules are immobilized opaymer-coated surface through a
biotin linker attached to a base at an internal DM&ation. To avoid potential
contributions from inherent DNA curvature, we avadmotifs such as A-tracts which
are known to induce considerable intrinsic curnat@dl). The DNA probe is a duplex
with single-stranded extensions on botkeids. Each DNA molecule is labeled with Cy3
(donor) and Cy5 (acceptor) fluorophores at theerfid of the strands. Single-stranded
overhangs are complementary so that hybridizatidhtrap the DNA molecules in the
looped state. In the unlooped state, the donoandptor are distant from each other and
the molecules show zero FRET. Looping brings thesdglose to each other, and the
DNA molecules exhibit a high FRET signal. Therefdiee looped state can be clearly
distinguished from the unlooped state based on RRET value and the relative
intensities of donor and acceptor (Figure 2.5B).

The experiment starts in a buffer without added imnorder to strongly favor the
unlooped state. Introducing a buffer containinghh@gncentration of Naor Mgf* can
stabilize the looped state. Depending on the fengf the DNA duplex and the single
stranded overhangs, different behaviors were obdeduring the probing time window,
typically ranging from less than 1 minute to updtbours (Figure 2.5B). DNA molecules
formed stable loops, showed dynamics between loapéedunlooped conformations, or
exhibited no looping events. For example, for a {1 initial dsDNA with 10 nt
overhangs, looping was nearly irreversible and ltdoped high FRET accumulated to

saturation within about 20 min (Figure 2.6). Instluase, the looping rate could be
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determined by fitting the time evolution of the pmml population with a single
exponential function (Figure 2.6B).

We measured the looping rake for a series of DNA molecules with a 10
nucleotide overhang on each end and with the @rcsize ranging from 67 to 106 bps
(the circular size is the circumference of the Dhifcle formed after looping, and is
therefore the sum of the initial dsSDNA length ahé bverhang length). The measured
looping time, 1R, varied from less than 10 minutes to more than 2@futes (Figure
2.7A, black squares). This 20 fold change in thepiog times is surprisingly small,
because we expected that DNA significantly shdtten the persistent length would take
dramatically longer to form a loop. However, thsuié is qualitatively consistent with
the observations that short DNA loops induced lgyltit repressor and AraC protein can
form efficiently in vivo and in vitro 19, 62-64, suggesting that the protein-induced
looping may use the intrinsic flexibility of the DN Also, our result is consistent with a
recent in vivo study which predicted that bendingrgy for short DNA loops would be
independent of the loop length4). In addition to the length dependence, a vamaiio
looping rate depending on the angular phase betweemwo cohesive ends would be
expected. Indeed, our data displays oscillatioR with a period of about one helical turn
(see data points between 93 bp and 106 bp).

We performed a variety of controls to confirm thiaz surprisingly weak length
dependence of the looping rates was not an artfiactr experimental scheme. First, to
rule out possible contributions from surface tetigerand internal biotin labeling, we
repeated the experiments for DNA molecules withany internal modification and
confined in 200 nm diameter phospholipid vesicleat tare permeable to ion§5.
Because infusion of 1 M NaCl ruptured the vesicles, instead used 10 mM Mgto
stabilize the looped state. This is the same i@oiedition used in the standard ligase
assay. For five DNA constructs ranging from 94 @b lp, the looping times were
similar between the vesicle encapsulated measutsnagral the surface measurements
(Figure 2.7A, red squares). Because DNA bending targlonal rigidity are sequence
dependentg6), it remained possible that the high flexibilityevebserved was due to an
extraordinarily flexible sequence. Therefore, weamwged the looping times for a series

of DNA constructs with identical loop length andeovang sequence but different
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internal base composition (Figure 2.7B). Our statidaquence (R73) is not an outlier in
terms of the looping rate. The DNA derived from wcleosome positioning sequence
(TA) (67) showed much faster (35 fold) looping than oundtad sequence R737).
We also examined the looping behavior of sequewtttispotentially curvature inducing
A tracks, (A), where n=0, 10, 17, 26, 38 embedded in otherweseloamly chosen
sequence and found that the looping rate varied frmre than 30 fold higher (n=0) to 2
fold lower (n=26) than that of R73. The two ordefs magnitude difference in the
looping time for these sequences despite the liattthe final 12 bp of these duplexes on
both ends are similar, rules out duplex end opeasg possible mechanism for the rapid
looping observed in our assay.

Changing the length of overhang in our DNA cordBullowed us to observe
real time looping-unlooping dynamics (Figure 2.8&d evaluate the rates directly as a
functional of salt. While the unlooping rate didtmhange between 0.5 M to 2 M Na
the looping rate increased 3 fold in this ranggFé 2.8B). However, since we observed
the same increase in the bimolecular annealing (Ftrire 2.8C) we can attribute the
acceleration in looping at higher salt solely te #mnealing enhancement. Therefore,
monovalent ion concentrations above 0.5 M do nekha detectable effect on dsDNA
flexibility (21).

When a DNA loop forms, internal elastic energyatioin the loop would provide
a shear force that promotes unlooping. Shorter Dh#ecules would incur a stronger
internal force, accelerating unlooping. PrevioustiRET in combination with magnetic
tweezers provided an estimate on the internalieléstce, fir, in short DNA loops €8,
69). Unlooping would be opposed by the basepairingingle strand overhangs. AFM-
based investigation of DNA duplex shearing indidatkat the critical shear forcé,
needed to rupture a short duplex increases lingattyincreasing duplex lengti7@, 7J.
It was showed that 7 basepairs are required to tostable duplex and estimatieger
bp of 3-4 pN per each additional bp beyond 7 bpe Bhlance betweek, determined
primarily by the duplex length, anfid which is controlled by the overhang length will
determine the fraction of annealed st&gcaleq in €quilibrium. For the constructs with
10 nt overhang, 10 basepairs in the looped statevi@stand forces up to 12 pN before
they are sheared.(f 12 pN) 70) whereas even for DNA circles as short as 70fhps
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below 10 pN 68) which is smaller tharf; . This is likely to be the reason why we rarely
observed unlooping with 10 nt overhanBafeaed~1). INdeed, if we decrease the
overhang length from 10 nt to 9 nt or 8 nt whileimg the 91 bp initial duplex length,
Pannealedd€comes progressively smaller, approaching 0,\likelcausd. is now smaller
than fi; (Figure 2.9A).Consistent with this data, we observed that th@amhg rate
increased by about two orders of magnitude whitgpilog rate did not change in this
range (Figure 2.9B). For the 4 nt overhangs typiaased in the ligase assaynealed
would be even smaller. Therefore, the main effdctoager overhangs in our assay
compared to the 4 nt overhangs typical in the 8gassay is to increase the lifetime of the
looped state. When a DNA loop forms, internal étashergy stored in the loop is
expected to provide a shear force that promotesopinig. Indeed we found that 8 bp of
duplex melts 20 times faster in a DNA circle tharaiDNA dimer, likely due to internal

tension in a circle which is absent in a dimer (Fgg2.9C).

2.2.2 Measuring Factor

The looping rate,R, can be calculated as the product of the bimaodecul
association rateky,, between 10 nt long complementary strands and tliectefe
concentration of one end of DNA in the vicinity tife other end, which we call the
apparent factor, japp (43) (Figure 2.10A). Using a similar surface-basedagdsut for
intermolecular annealing (Figure 2.10B), was measured to b@ 78+ 0.0’ 10M “'s™
in 1 M NaCl and0.26+ 0.04x 10M s™ in 10 mM Md*, both consistent with an earlier
estimate for short oligonucleotide annealii@)( The corresponding appargriactors,

calculated using, , = R/k,,are shown in Figure 2.10C. Our calculated appgréattors

along with the prediction of the WLC modél3, 79 are plotted in Figure 2.10D. The
solid line and the dashed line are pHactor for a semiflexible polymer with parallelcan
free boundary conditions and the dotted line is jtfector for a polymer with free
boundary condition and 5 nm capture radius (the éwds anneal when they are closer
than 5 nm) 42, 79. The measuref,, values matched the theoretical prediction for 201
bp DNA but deviated from the theoretical valuesobgers of magnitude for the shortest

lengths examined even under the most liberal bayratandition.
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Our observation that the looping rate does nop gnr@cipitously with decreasing
DNA length is in stark contrast to the steep dnoghej-factor predicted by the WLC
model. In many biologically relevant protein-DNAténactions such as in some genetic
switches, the DNA bendability plays an importanerm determining the state of the
switch by controlling the concentration of one pintbinding site in the vicinity of the
other binding sitel8, 7. Our assay samples such equilibrium in which BWA ends
are in close proximity, but not annealed (dashed ihoFigure 2.11A). In contrast, the
ligase assay samples the equilibrium of the andestkte (dashed box in Figure 2.11B)
(43). The equilibrium looped population, which is thabstrate for ligase protein, is very
sensitive to the unlooping rate (Figure 2.9). Tdagping rate is biologically more relevant
because it reports on how quickly two regions ofAD&te brought into close proximity
whereas the unlooping rate is additionally influeshdy the melting rate of the short
duplex formed. Our assay could independently meathe looping rate without being
affected by the loop instability caused by intertesision in the short DNA circles. Many
DNA binding proteins may have evolved to use theasxdinary flexibility of the DNA

to capture and further stabilize transiently baeriboped DNA conformations.

2.2.3 Applications of Single-Molecule CyclizatioMssay

So far the most common assay to quantify the efEDNA modifications, DNA
sequence or protein or ligand binding, on the DNAlization has been the ligase assay
(77-80. However since this assay relies on the activityigase, the range of buffer
conditions that can be used (ions, pH, temperatuyés very limited. Moreover, external
factors like other proteins or ligands could inteef with the ligation reaction. On the
other hand, our assay is protein-free and is maltti general in terms of buffer
conditions.

We first set to test how DNA defects would affembping of DNA. We prepared
a series of DNA constructs with single backboneknouble nicks or a single bp
mismatch in the middle. We observed that the donkdked DNA could cyclize an order
of magnitude faster than the intact DNA (FigureZA) Also single mismatch in the
middle (C:C) increased the looping rate of DNA biaetor of 5 (Figure 2.12B).

The nucleoid-associated protein HU is one of thestnabundant proteins in
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Escherichia coliand has been suggested to play an important mab@dcterial nucleoid
organization and regulatio®1). Previously, using the ligase assay, it was ssiggethat
binding of HU to the DNA facilitates DNA looping drbending 82). However, using
AFM imaging and magnetic tweezers, it was recentlyserved that at high
concentrations, HU makes the DNA more stiff, sugplbs by forming filaments around
dsDNA @3). We tested the effect of HU in our cyclizatiosag Figure 2.13A shows the
fraction of DNA loops after 5 minutes in the preseand absence of 100 nM HU. As it
is seen addition of HU dramatically enhances theADdbping (left panel). However in
the presence of 2 uM HU we observed significanpsegsion of looping (Figure 2.13A,
middle panel). This is consistent with previous eslation that at such a high
concentration, HU forms a filament on the DNA whichakes the DNA stiffer.
Interestingly, addition of 10 mM Mg recovers the dramatic looping in the presence of 2
MM HU. This might be due to screening on the chargdich could interfere with
binding of HU to the DNA.

Finally we studied the effect of binding of DAPI tre DNA flexibility. DAPI is
a dsDNA fluorescent stain which binds to the migooove of DNA and it is used
extensively in fluorescence microscopy to staindék nucleus. Our results showed that
increasing concentration of DAPI decreases the ilgppate. Consistent with this
observation, the fractions of looped moleculescptildorium decreased (Figure 2.13B)

by increasing the DAPI concentration.

2.3 Discussion

As discussed in previous section, extended WLC alsoave previously been
developed to explain the remarkable flexibility sfiort DNA by allowing for the
formation of temporary bubbles or kinks, and molacdynamics simulations observed
emergence of kinks in small DNA minicircles. Othaxxommodate high bendability of
short DNA by introducing non-harmonic elastic bebav To gain insight into the
mechanism of facile looping, we performed experite@m DNA constructs with a single
backbone nick, double nicks or a single basepasmaich in the middle and observed
one to two orders of magnitude higher looping redenpared to our original DNA

constructs (Figure 2.12). This significant enhaneetmn the looping rate confirms that
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stable defects such as a single basepair mismatch nick can enhance global
cyclizability of DNA, suggesting that similar butahsient defects, if they are frequent
enough, may explain the extreme bendability obsehere. However, whether the high
bendability of DNA at short length scales comesfitoansient kinks or bubbles or stems
from anharmonic elasticity of DNA require improveomputational methods and further
studies.

We also used the assay to quantify the effectdADinding proteins or ligands
on the global flexibility and cyclization of DNA nerules. For example we could
observe the dual architectural role of HU in a Erexperiment and very efficiently. Our
assay should become a fast and versatile toolitty she effect of DNA binding proteins,

ligands or DNA modifications on the DNA flexibility

2.4 Experimental Procedures

Synthesis and purification of oligonucleotides

All oligonucleotides were constructed by annealiigation and gel purification
of 4 pieces of DNA (Integrated DNA TechnologiesheTsequences are randomly chosen
with about 50% G-C content. For the constructs Wlimucleotide overhang, Cy3 donor
fluorophore is attached to the 5’ end of a 35 ntADdtrand. Cy5 acceptor fluorophore is
attached to the 5 end of another 35 nt strand lwlsilso has a biotin attached to a
thymine base through a 5 carbon linker. The two @p8 Cy5 strands are common
among all the constructs. We used two other undéabstrands to make sequences with
different lengths. Duplexes were annealed anddihatvernight at 16C using T4 ligase
(NEB). Next, the final products were purified bylyscrylamide gels electrophoresis
(Amersham Bioscience). Finally the DNA was recodergom the gel and the
concentration was determined using NanoDrop (TheBgientific).
The constructs for studying the effect of DNA seatpee on looping were made by
annealing two single stranded DNA strands contgirfinorophores and biotin. The

annealed construct was then purified by gel elptibcesis and used.

Single molecule FRET measurements
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Single molecule measurements were performed on raefmuilt, wide field
prism-type total internal reflection microscope twa 532 nm laser (Coherent Inc.) for
Cy3 excitation and a 633 nm laser (Melles Griot)@y5 excitation. Details of the setup
have been described elsewheité)( To eliminate surface interaction of immobilized
DNA during experiments, the chamber surfaces wessigated with PEG polymer
(Laysan Bio. Inc.). Briefly, quartz slides and glasover slips were cleaned using
Alconox (VWR International) acetone (Fisher Sciotiand 1 M potassium hydroxide
(Fisher Scientific). After cleaning, the surfacesrg/ amino-modified by treating with
aminosilane (United Chemical Technologies). Fingly surfaces were coated with 98:2
(mol/mol) mPEG:biotinylated-PEG (Laysan Bio. IncThe measurements were done in
chambers assembled by double sided tape sandwlokt®eeen a quartz slide and a
coverslip.

After assembling the channel, NeutrAvidin (Thermae8tific) was added (0.2
mg/mL) followed by incubation with the biotinilatddNA construct (50-100 pM) for 5
minutes. Finally, free DNA was flushed out with tyepropriate buffer for imaging (see

below).

Single molecule FRET measurements on surface tethered vesicles

Initially, lipid films were prepared by mixing 9812olar ratio of 1,2-dimyristoyl-
snglycero-3-phosphocholine (DMPC) and 1,2-dipalmiitegrglycero-3-
phosphoethanolaming-(cap biotinyl) dissolved in chloroform (Avanti Rwol Lipids).
The mixture then dried by a stream of nitrogen eaclumed for two hours. 100 nM of
DNA molecules in 10 mM Tris and 50 mM NaCl was usedhydrate the film and form
vesicles. Multiple cycles of freeze and thaw (iuid nitrogen then water) followed by
extrusion through a membrane with 200 nm pore g&reerates unilamellar and uniform
vesicles, 200 nm in diamete?3). The lipid and DNA concentrations were carefully
chosen so that most of the vesicles contain a esiBilA molecule. Similar to the
previous procedure, after immobilizing vesiclestlom PEG surface through NeutrAvidin,

the experiments performed in the appropriate ingburffer.

Single DNA looping assay
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After immobilizing DNA molecules on the surface, anaging buffer which
contains 50 mM Tris, 3mM trolox (Sigma-Aldrich) anelygen scavenger system (0.8%
dextrose, 0.1 mg/ml glucose oxidase and 0.02 mgatalase) without cationic ions was
flowed in. In this buffer, all DNA molecules on tlsarface were in the open state and no
effective energy transfer detected within our tirasolution. We start the experiment by
flowing in an imaging buffer, same as above buttaming high concentration of cations
(0.5-1 M NaCl or 10-30 mM MgG). At every time point, we analyzed about 4000
molecules (100 ms imaging time resolution) fronfedént areas (70 um x 35 um) across
the chamber (20 mm x 5 mm x ). The FRET efficiency was measured @d A+l p)
wherela andlp are the respective acceptor and donor intenddiresach molecule. Two
Gaussian functions were used to fit the histogr&fRET efficiency from all molecules
at each time point and the fraction of looped papoh was defined ady/(A4+AL)
where Ay and A_ are the area under the fitted Gaussian curvegit RRET and low
FRET respectively. Fresh imaging buffer was reihticed in the chamber every 30

minutes to avoid acidification of buffer due toiaity of the oxygen scavenging system.

Calculating looping and unlooping rates from histograms
The fraction of looped molecules over time folloas exponential decay curve of the

form C(l—e‘R“)whereC andR can be determined by fitting. On the other hahaye
1Y

assume a simple two state system for the Ioopimgqms,unloopingqg looping

u

wherek andk, are looping and unlooping rates, the fractionaafpled molecules after

A - K

= 1-e ™)) From this simple modek, andk, can
+ AL kI + ku ( ) p kl ku

time t would be

be determined through fitting ds = RIC and k, = R[{1-C ) whereC = ” t‘k and
|

R=Kk+k
Finally, for each DNA construct we measured thetfom of molecules with an
active FRET pair. This fraction was about 70%-9086 different DNA constructs.
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Therefore the fraction of looped molecules at sdion did not reach unity. We included

this correction in our looping and unlooping rateasurements.

Calculating looping and unlooping rates from single molecule traces

We also calculated looping and unlooping rates feamgle molecule traces. We
recorded long movies from single molecules (~15)miith 600 ms time resolution. At
the end of the recording we directly excited acoeptvith a 633 nm laser to distinguish
between unlooped and Cy5 photobleached molecules.

By analyzing several hundred single molecule tragesmeasured looping rate
from N_n/Tiow WhereN__y is the total number of transitions from low to Mi§RET
state andljo is the total time spent in low FRET state. Siniylathe unlooping rate was
calculated adNy_.. /Thigh whereNy_,_ is the total number of transitions from high talo
FRET state andign is the total time spent in the high FRET state.

DNA sequences
Bold, underlined T denotes the position of the ihjoattached internally to a
thymine base. For vesicle experiments, we usedséime DNA sequence, without an

internal biotin.

67 bp circle size (10 nt overhang)
Cy3-cagaatccgtgctagtacctcaatatagactccctttgacctgettiacctccaccgtttca

cgatcatggagttatatctgagggaaactggacegmagtggaggtggcaaagtgtcttaggca-Cy5S

69 bp circle size (10 nt overhang)

Cy3-cagaatccgtgctagtacctcaatatagactccctttgacceatgetcacctccaccgtttca

cgatcatggagttatatctgagggaaactgggtacagmagtggaggtggcaaagtgtcttaggca-Cys

71 bp circle size (10 nt overhang)
Cy3-cagaatccgtgctagtacctcaatatagactcccttctaattydiatgctcacctccaccgtttca
cgatcatggagttatatctgagggaagattaactgdetggagtggaggtggcaaagtgtcttaggca-Cys
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73 bp circle size (10 nt overhang)
Cy3-cagaatccgtgctagtacctcaatatagactccctictaattig@otatcctcacctccaccgtttca

cgatcatggagttatatctgagggaagattaactggtdetggagtggaggtggcaaagtgtcttaggca-Cy5s

74 bp circle size (10 nt overhang)
Cy3-cagaatccgtgctagtacctcaatatagactccctttaagttg@emtatcctcacctccaccgtttca

cgatcatggagttatatctgagggaaattcaactgggtiieiggagtggaggtggcaaagtgtcttaggca-Cys

76 bp circle size (10 nt overhang)
Cy3-cagaatccgtgctagtacctcaatatagactcccttctaagtbgagactatcctcacctccaccgtttca

cgatcatggagttatatctgagggaagattcaactggagfbatgmgtggaggtggcaaagtgtcttaggca-Cy5s

93 bp circle size (10 nt overhang)

Cy3-
cagaatccgtgctagtacctcaatatagactcccttaatacttctactttaattgacccatgactatcctcacctccaccgtt
tca

cgatcatggagttatatctgagggaattatgaagaggatactgaatgdigiactgd aggagtggaggtggcaaagtg
tcttaggca-Cy5

94 bp circle size (10 nt overhang)

Cy3-
cagaatccgtgctagtacctcaatatagactccctttaatacttgactattaattgacccatgactatcctcacctccaccgt
ttca

cgatcatggagttatatctgagggaaattatgaagaggatactgaatgd@gtactghaggagtggaggtggcaaagt
gtcttaggca-Cy5

97 bp circle size (10 nt overhang)

Cy3-
cagaatccgtgctagtacctcaatatagactccctatgttaatatdtitfacttctaattgacccatgactatcctcacctccac
cgtttca
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cgatcatggagttatatctgagggatacaattatgaagaggatadigaatgggtactgbaggagtggaggtggcaa
agtgtcttaggca-Cy5

99 bp circle size (10 nt overhang)

Cy3-
cagaatccgtgctagtacctcaatatagactccctagatgttaatatatgacttctaattgacccatgactatcctcacctce
accgtttca

cgatcatggagttatatctgagggatctacaattatgaagaggatgatzectgggtactdaaggagtggaggtggca
aagtgtcttaggca-Cy5

101 bp circle size (10 nt overhang)

Cy3-
cagaatccgtgctagtacctcaatatagactccctgtagatgttaatatatgacttctaattgacccatgactatcctcacct
ccaccgtttca
cgatcatggagttatatctgagggacatctacaattatgaagaggetgattpactgggtactiaggagtggaggtgg
caaagtgtcttaggca-Cy5

103 bp circle size (10 nt overhang)

Cy3-
cagaatccgtgctagtacctcaatatagactccctacgtagatgttaatetatgacttctaattgacccatgactatcctcac
ctccaccgtttca
cgatcatggagttatatctgagggatgcatctacaattatgaagatygetgattaactgggtactfiaggagtggaggt
ggcaaagtgtcttaggca-Cy5

105 bp circle size (10 nt overhang)

Cy3-
cagaatccgtgctagtacctcaatatagactccctgaacgtagaagttatictatgacttctaattgacccatgactatcctc
acctccaccgtttca
cgatcatggagttatatctgagggacttgcatctacaattatgaagatmmagattaactgggtacigaggagtggag
gtggcaaagtgtcttaggca-Cy5
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106 bp circle size (10 nt overhang)

Cy3-
cagaatccgtgctagtacctcaatatagactccctagaacgtagtgtteimctatgacttctaattgacccatgactatcect
cacctccaccgtttca

cgatcatggagttatatctgagggatcttgcatctacaattatgaagatmmagattaactgggtacigeggagtggag
gtggcaaagtgtcttaggca-Cy5

201 bp circle size (10 nt overhang)
Cy3cagaatccgtgctagtacctcaatatagactccctatcagtatgggg@ataccgticttattgtccttaataccaccg
acgagttgtacgccctctcatccgaagacgacacgtacctgggaagtgmdgttaatacttctcctatgacttctaattga
cccatgactatcctcacctccaccgtttca
cgatcatggagttatatctgagggatagtcatgcttcgacccgatagagataacaggaattatggtggcetgctcaacatge
gggagagtaggcttctgctgtgcatggacccttttcttgcatctadgatgaggatactgaagattaactgggtatga

ggagtggaggtggcaaagtgtcttaggca-Cy5

69 bp circle size with a single C:C mismatch (10verhang)
Cy3-cagaatccgtgctagtacctcaatatagactccctttgacctatgetcacctccaccgtttca

cgatcatggagttatatctgagggaaactcggtacagmagtggaggtggcaaagtgtcttaggca-Cy5s

97 bp circle size with double nicks (10 nt overhang
Cy3-
cagaatccgtgctagtacctcaatatagactccct|atgttaatatétijactictaattgacccatgactatcctcacctcca

ccgtttca

cgatcatggagttatatctgagggatacaattatgaagaggatadigaatgggta|ctdeaggagtggaggtggcaa
agtgtcttaggca-Cy5

73bp- TA (10 nt overhang)

Cy3-cagaatccgtagctctagcaccgcttaaacgcacgtaggectaccgcegtittaaccgccaataggatt
tcgagatcgtggcgaatttgcgtgcatgcgcgacagatggcgcaaegdttmicctaagtcttaggeca-Cys

73bp- E817 (10 nt overhang)
Cy 3- cagaatccgtttttatttatcgcctccacggtgcttiittttttttggcecgtgttatctcgagttagt
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aaaataaatagcggaggtgccacgaaaaaaaaaaaaaaaaac@gagciaantcagtcttaggca-Cy5s

73bp- E838 (10 nt overhang)

Cy3-cagaatccagtttttatttatcgttttttttttttttttititttttttttttttttttatctcgagttagt
aaaataaatagcaaaaaaaaaaaaaaaaaaaaaaaaaaaaaagagemaaatagtcttaggca-Cys

73bp-E8A10 (10 nt overhang)

Cy3-cagaatccgtttttatttatcgcctccacggtgetgiitttctgttggecgtgttatctcgagttagt
aaaataaatagcggaggtgccacgacaaaaaaaaaagacaaccggagctaatcagtcttaggca-Cy5s

73bp-E8A26 (10 nt overhang)

Cy3-cagaatccgtttttatttatcgectectttttttittfiitittititttccgtgttatctcgagttagt
aaaataaatagcggaggaaaaaaaaaaaaaaaaaaaaaaaasagagetcaatcagtcttaggca-Cys
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2.5 Figures

15+ O dsDNA
1 s FJC

- == WLC interpolated

- Modified Marko-Siggia

2 4 6 8 10 12 14 16
Extension (um)

Figure 2.1 (A) Schematic of a freely-jointed chain. The cheamsists of non-interacting
segments of length “b”. Elastic energy of such airctdepends on the angle between
adjacent segments. (B) Force-extension data (ldacles) for a double-strandéeDNA
pulled with optical tweezers in 50mM NaThe data is fitted to the freely joined chain
model (dotted line), WLC-based model by Marko—Sig@ashed line) and the modified
Marko-Siggia model (solid line). The fit to the nifoed Marko—Siggia model provides
the persistence length Bf= 50 nm and stretch modulus of 1000 pN for thiseuole.
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Figure 2.2 (A) The ring-closure probability grfactor (unitsM) versus the chain length
in number of basepairdNg,) for the WLC with persistence lendih= 53 nm torsional
persistence length= 110 nm The peak of is around 500 bp. The inset shows a close-
up of the data in the ran®®0 bp < N,< 550 bp (B) Two important boundary
conditions in calculating thg factor. Parallel boundary condition (top) relevamtthe

ligase assay and free boundary condition (bottom)
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Figure 2.3 (A) Schematic of the ligase assay. Linear DNA rooles with 4 nucleotides
overhang are incubated with the ligase. Ligasestrédpe molecules in whatever
conformation they are (eg. circular monomer, dinsgcular dimer ....) (B) The ligation
reaction is quenched and the products are sepavatadgel. Further analysis of the gel
determines thefactor. (C) Measuregfactors by Cloutier and Widon#{) compared to
the predictions of the WLC model (black curve) ONA cyclization. Although the
theory fits experimental data for longer lengthsdeatviates up to 6 folds at shorter
lengths. (D)j-factor of short DNA fragments as a function ofitHength. Experimental
data from Cloutier and Widon47) (open circles) are shown together with the result
obtained by Duet al (53) (filled circles) which fitted well to the WLC madl The
discrepancy between the two experiments was asbigoe thw wrong ligase

concentration used by Cloutier and Widom.

36



Figure 2.4 (A) AFM image of dsDNA deposited on mic®4j. In this study, the
probability distribution of angles between tangdstsort blue arrows) was measured and
compared to the WLC prediction. (B) Model of a idmolecule labeled with gold

nanocrystal at the ends, used in SAXS experiman&3).

unlooping

Figure 2.5 (A) Schematic of the single molecule cyclizatiossay. Donor (Cy3) and

acceptor (Cy5) labeled DNA molecules were immobiizon the surface via biotin-
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neutravidin interaction. (B) Fluorescence imagessioigle 91-bp DNA molecules in
corresponding donor and acceptor channels are shefare (left panels) and 20 min
after adding high salt (1 M NaCl) buffer (right @ds). Scale bar, pm.
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Figure 2.6 (A) Histograms of FRET efficiency as a functiontwhe ¢ = O is when high
salt was introduced) show the evolution of loopbadylf FRET) and unlooped (low
FRET) populations. (B) Fraction of looped DNA (hiBRET population) as a function of
time, measured from the histograms in A. An exptiaéfit to this curve give®. Error
bars indicate + SEM; n = 5.
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Figure 2.7 (A) Looping time as a function of DNA circular leihgfor surface-tethered
DNA (black squares) and vesicle-encapsulated DNAeouwbes (red squares). (B)
Looping time for 7 DNA sequences with 63-bp dupkxgth and 10-nt overhang. R73 is
the standard sequence used in (A). Poly-A constrwetre constructed by insertinge
10, 17, 26, and 38 consecutive A bases in the midtle random sequence (E8). Error

bars indicate + SEM; R 3.
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Figure 2.8 (A) Representative fluorescence intensities (top, gfeedonor and red for

acceptor) and corresponding FRET efficiency (boftblme) time traces measured from a
single DNA molecule in 750 mM NaCl. The DNA has 9i-initial dsDNA with 8-nt

single-stranded overhangs. The arrow indicatesextdacceptor excitation to verify that
the acceptor has not photobleached. (B) Looping wridoping rates as a function of
[NaCl]. The DNA has 91-bp initial dsDNA with 8-ntingle-stranded overhangs.
(C) kon measured as shown in fig. S2 shows the same 3rfoldase as the looping rate

with increasing [NaCl]. Data are means + SEM-(300 molecules).
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Figure 2.9 (A) Equilibrium fraction of DNA circles,Pannealed @S @ function of single
stranded overhang length. All constructs have #raes91 bp initial dsDNA but with
different overhang lengths (8, 9 or 10 nt). (B) phow and unlooping rates measured as a
function of ss-overhang length. All constructs haélve same 91 bp initial dsDNA but
with different overhang lengths (8, 9 or 10 nt).t®are meanst SEM (N=300
molecules)(C) Comparing melting of DNA dimers formed from DNAonomers with 8

nt single stranded overhang and monomer DNA cirofethe same size and overhang.
The melting rate of dimers, determined by an exptakdecay fit is about 0.013 mitn
which is more than 20 times smaller than the mgltate of DNA loops formed using the
same 8 nt overhangs on 91 bp initial dsDNA (0.28 i
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Figure 2.10(A) The model to relat®, ko, and apparentfactor. (B) Schematic of single
molecule FRET assay to measure bimolecular asgmtiaate k,,. By measuring the
fraction of high FRET DNA molecules, as a functmfrtime and by fitting the data to an
exponential curve, one can determine the appaadataf dimer formation. Dividing the
apparent binding rate by the donor-labeled DNA eotr@tion in solution givek,,. Data
are meanst SEM (N25). (C) j factor for surface-tethered DNA (black squares) an
vesicle-encapsulated DNA (red circles). (E) Meadyrfactor for surface-tethered DNA
(black squares) and vesicle-encapsulated DNA (tpdires). Solid black curve is the
Shimada-Yamakawa prediction for DNA cyclization.dbed line and dotted line are the
WLC predictions for the factor of DNA circles with free boundary conditi@amd for

DNA molecules with 5-nm capture radius, respecyivError bars indicate + SEMn 3.
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Figure 2.11(A) Our assay reports on the equilibrium populatdnhe intermediate state

(dashed box), with the two DNA ends in close praigm(B) Schematic representation of
DNA cyclization reaction steps in the ligase assiye intermediate state with the two
DNA ends in close proximity (solid box) does not gampled in this assay. Instead, the
ligase samples the equilibrium population of theemied state (dashed box). Ligase

protein is labeled L.
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Figure 2.12 (A) Effect of nick on DNA looping for DNA construgtwith one or two
backbone nicks. The DNA has 87 bp initial dsDNAhMO nt overhangs. (B) Effect of
single base mismatch (C:C) on DNA looping. The naisthed DNA circularize 5 times
faster than the intact DNA. The DNA has 59 bp aiisDNA with 10 nt overhang.
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Figure 2.13(A) Effect of HU protein on the cyclization of ds[BN Dual architectural
role of HU protein can be observed very easily digio our cyclization assay. While at
low concentration (100 nM) HU dramatically enhancB&IA looping, at high
concentration (2 pM), it greatly suppresses DNAplag. However, high Mg can
recover efficient looping even at high HU concetmbra (inset shows AFM image of HU
bound to dsDNA from&3)) (B) DAPI decreases the looping rate, obsertedugh our

cyclization assay.
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Chapter 3
Studying the Genome Composition of
Influenza Virus at the Single Virus
Particle Level

3.1 Introduction

Influenza A virus is among the most prominent hetiteats around the world. In
the United States alone, influenza causes more48400 deaths and about 1.5 million
hospitalizations each yea84). Due to its impact on the global health, it igoorntant to
have a comprehensive understanding of the Influemzes biology and its life cycle.
Influenza A virus is a negative-sense single stedn&NA virus and a member of
Orthomyxoviridaeviruses (from the Greek wortthos meaning “standard, correct,” and
myxg meaning “mucus”)85). The genome of influenza A virus is composecight
single-stranded RNA segments that encode for 14l yenes: hemagglutinin (HA),
neuraminidase (NA), matrix 1 (M1), matrix 2 (M2)aleoprotein (NP), non-structural
protein 1 (NSP1), non-structural protein 2 (NS2)lymerase basic protein 1 — F2 (PB1-
F2) and three subunits of the influenza RNA polyeser (PB1, PB2 and PA3). The
size of viral RNA (VRNA) segments and the geneg thecode are listed in table 3.1
(87). The VRNA segments share a common architectuten@ central coding region
flanked by relatively short untranslated regionsTRd) and partially complementary
sequences at the termini (Figure 3.1A). Nucleopmo(®lP) wraps around individual
VRNASs in a nonspecific manner to form ribonucledeno (RNP) structures (Figure
3.1B). One copy of the three influenza polymerasggns (PB1, PB2 and PA) is also
bound to the end of each RNP structure (Figure)3.1C

" This work has been published as a paper:
 Chou, Y.Y., R. Vafabakhsh, S. Banay, Q. Gao, T. Ha and P. Palese, "One influemaa v
particle packages eight unigue viral RNAs as shbwRISH analysis"PNAS109 9101-9106
(2012).
« Gao, Q. Y.Y.Chou, S. Doganay, R. VafabakhsiH& and P. Palese, "The influenza A virus
PB2, PA, NP and M segments play a pivotal roléendugenome packagingd, Virology 86,
7043-7051 (2012).
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The segmented nature of influenza genome provides \irus with an
evolutionary advantage. If a single host cell gefected by two different strains of
influenza A virus, the new virus particles can h&MA segments that originated from
either of the infecting viruses. This process oking of the genetic materials from
multiple virus strains to form a viral strain withovel gene combination is called
reassortment. Genetic reassortment plays a vital imothe evolution of the influenza
virus and has historically been linked to the erarog of pandemic strains. For example,
the 2009 HIN1 pandemic strain is a reassortanviainahuman, and swine influenza
viruses 88) (Figure 3.2).

Genome segmentation of influenza acts as a doulgedesword. Although, as it
was mentioned above, it enables the virus to pdawel genetic combinations through
reassortment, it provokes a challenge in the vassembly step. In order for a single
virion to be infectious, it needs to package ast@me copy of each VRNA. There are two
models for the packaging of influenza vRNAs: (i¢ ttandom packaging model and (ii)
the specific packaging model.

In the random packaging model, there is no mechamds distinguish between
different vVRNA segments and a random number of vRId§ments get packaged in each
virion (Figure 3.3A) 89, 90. According to this scheme, a fully infectiousieir would
acquire a complete genome purely through chandb, thwe probability of success being
increased by packaging more segments than eigtthelfeight influenza viral RNA
segments were randomly packaged into new partislesywould expect to observe one
infectious particle for every 400 particles assexdb(8!/8). This value is incompatible
with the approximately 1/10-1/100 proportion of ddfious influenza virions9Q).
However, if each virion could package more tharheuRRNA, this ratio would increase
further. In fact, this ratio could fall within theange of infectious to noninfectious
particles that occur in virus stocks if each viagild non-specifically package 10-11
VRNA segments §9). The observation of virus particles with nine miore vVRNA
segments supports the random incorporation m@&®g! (

The selective packaging model on the other handyesig that each VRNA
contains unique features that distinguish it frova other vVRNA segments (Figure 3.3B).

Therefore, one copy of each VRNA segment is spatifi packaged during the viral
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assembly 92-94. The identification of segment-specific packagssgiuences located at
the terminal ends of all eight vVRNAs supports tpec#fic packaging mechanisrd4,
95). Further support for the specific packaging mockeine recently with the electron
microscopy analysis of influenza virus particleattshowed eight RNP complexes inside
the virus arranged in a “7+1” architectugs( 97 (Figure 3.3C).

Even though there has been growing evidence supgdhe selective packaging
mechanism, conclusive proof that each virus particbntains eight unique VRNA
segments has been missing, mainly because of thesémsitivity and low yield of
current bulk methods. In order to study the genpaekaging of influenza viruses with
high sensitivity, a method that allow stoichiometeanalysis of VRNAs within single
virus particles and with individual vVRNA sensitiyis required.

In this chapter | describe an experimental schemmehallows the detection and
guantification of the viral RNAs within influenzarions at single-virus resolution and
single VRNA sensitivity. To achieve the individualRNA specificity we adapted the
single-molecule fluorescent in situ hybridizati@chnique (smFISH)98). Moreover to
accomplish single particle resolution, we used ttital internal reflection fluorescence
microscopy (TIRF) on the surface immobilized vipeagticles 60). Using this combined
approach we showed that most influenza virus pestipackage eight distinct viral
RNAs. These data provide direct evidence that #ukgging mechanism in the influenza
virus is very robust and supports a specific meigmanfor the influenza genome
packaging.

3.2 Experimental Results
3.2.1 Assay Design and Validation

We used prism-type total internal reflection flusrence microscopy (TIRFHQ)
to probe individual virus particles immobilized tire chamber surface. The experimental
chamber was assembled as described previously.riéf, la double-sided tape is
sandwiched between a microscope slide and coverBhp typical dimension of the
experimental chamber is about 16 mm x 5 mm x 100 kurthermore, to eliminate the
nonspecific sticking of virus particles, the slelaface was passivated with PEG polymer
(polyethylene glycol) sparsely supplemented witbtibylated PEG, as described in
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appendix A. Influenza A/Puerto Rico/8/34 (PR8) siparticles were anchored onto this
passivated surface through biotinylated anti-HAity (Figure 3.4A). The surface
density of virus particles was such that individualis particles could be resolved as
well-separated diffraction limited spots (~250 jwdes in 2,500um? imaging area). After
immobilizing the virus particles on the surfacejoflescently labeled FISH probes were
used for probing a specific target vVRNA.

We first validated the assay by performing smFISkhag a set of 48 Cy3-labeled
probes against the NA VRNA or a set of 48 Cy5-latigdrobes against the PB2 vVRNA
segments. In each case, more than 50 fluorescetd gre detected (Figure 3.4B and
3.4C). On the other hand, control experimentsguBilsH probes against a non-influenza
RNA (RIG-I) or performing the assay in chamberdwiit the surface immobilized virus
particles showed only few dim spots (Figure 3.48 8wC). The concentrations of the
antibody, virus particles, FISH probes and incudratimes were the same between the
control and the positive experiment. Therefore, veieve that the reproducible large
difference in the number of spots (more than areroad magnitude) observed between
control experiments and experiments probing fduariza vVRNAs demonstrated the high

specificity of our assay in detecting influenza viRbegments.

3.2.2 Quantifying the Co-packaging of vVRNAs

After establishing the smFISH assay to probe faecdg VRNA, we set to
guantify the co-packaging of different VRNAs in tivdividual virus particles. We
performed hybridization with two sets of probesg#ding different viral RNAs, one
probe set labeled with the Cy3 fluorophore and diker set labeled with Cy5
fluorophore (Figure 3.5B).

First, in order to evaluate the specificity anduaecy of our colocalization assay,
we performed the hybridization using two sets afbas with different fluorophores (Cy3
and Cy5) targeting two different regions of the sarRNA (Figure 3.5A). The two sets
of probes against different regions of the NA segimshowed over 90% (93.1%+2.2%)
colocalization between Cy3 and Cy5 spots and 8428064 colocalization for probes
against the M segment. The percentages of spotsirsty only Cy3 or Cy5 signals were

comparable and were all below 10% in both caseficating that the two differently
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labeled probe sets share similar sensitivity andaieeomparable number of viral RNAs
(Figure 3.5C). While we observed similar intensigtributions between colocalized
spots and spots that were not colocalized, intridsfects of some virus particles or the
limitation of our detection and analysis could be teason why we did not see 100% co-
localization between the Cy3 and Cy5 labeled pralgssnst the same VRNA. It is worth
mentioning that we also consistently observedghtii higher number of spots detected
in the Cy3 channel. This is due to the fact tha fluorescent emission of “junk”
particles on the surface, introduced with antibsde the virus particles, fall mainly in
the Cy3 channel.

To determine if influenza virus efficiently packageRNA of different identities,
we first quantified the co-packaging efficiency P&yment, detected using Cy3 labeled
FISH probes, with the other seven VRNA segmentgctied using Cy5 labeled probes.
Colocalizataion efficiency was calculated as thenber of colocalized Cy3 and Cy5
spots over the total number of Cy3 fluorescentspotresponding to the PB2 segment.
The PB2 segment showed high percentages of catataln with all the other viral RNA
tested (Figure 3.6A). These results demonstrattie PB2 segment was efficiently co-
packaged with other seven VRNAs into virus particdad over 50% of virus particles
that packaged the PB2 segments also packaged ther ateven segments
(0.911x0.944x0.922%0.9%0.889%0.9%0.9). Colocalmatanalysis of the PB1 vRNA
with the NA vRNA or the M vRNA also showed over 9@#localization (97.0%+1.86%
for PB1 and NA, 95.4%+2.93% for PB1 and M) (FigBtéB). In all these experiments,
Cy5 labeled probes targeting the paired vVRNAs dem®mparable number of spots to the
Cy3 probes targeting the PB2 segment. This alsaltsesn high percentages of a
particular vVRNA that co-packaged with the PB2 segirsiggesting that other seven
gene segments are efficiently co-packaged withPB2 segment as well (Figure 3.6C).
These data firmly suggest that influenza virus ipreftly packages heterogeneous viral

RNAs into virons and majority of virus particlesthight different vVRNA segments.

3.2.3 Quantifying the Copy Number of Each PackagevRNA
In order to investigate if the heterogeneous RBAIAs packaged into each virus

particle were unique, we have to determine the copgnber of packaged VRNA
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segments. To do so we hybridized Cy5 labeled FI&iHgs to a specific VRNA. We then

photobleached the fluorescent spots and countedutmber of photobleaching steps. The
number of photobleaching steps for each spot qooress to the number of FISH probes
that were hybridized to the specific VRNA insidatthirus particle. If a vVRNA segment

is unique in the virus particle, only one copy béatt RNA should be detected by the
single-virus particle FISH analysis. In other waqrdlse distribution of the number of

photobleaching steps among a population of virusgb@s should exhibit a singly peaked
profile.

We first performed single-virus photobleaching ssesl on the HA VRNA
segment in the PR8 virus. In this experiment, diftédHA targeting FISH probes singly
labeled with Cy5 were used for hybridization (Fig8.7B). Movies of several imaging
areas were obtained and the time traces of fluenesc intensity for the spots were
analyzed. As the fluorophores photobleache owee tihe fluorescence intensity drops,
yielding a step-wise profile. The number of stepsr@sponds to the number of probes
that were hybridized to HA target (Figure 3.7A). \ileen counted the number of
photobleaching steps for over 800 fluorescent spotsesponding to the HA VRNA.
Figure 3.7D (black data points) shows the distidsubf the number of photobleaching
steps for FISH probes against the HA vVRNA in thé8RiRus particles. A single sharp
peak around seven photobleaching steps was obseateetbnstrating that on average
seven probes are likely to hybridize with an HAaVIRNA in a single virus particle using
our experimental design. In addition, particlesptiiging more than 15 photobleaching
steps were observed and because a maximum of bepmwuld be hybridized to one
viral RNA segment, these particles likely repressggregates of virus particles or virus
particles containing multiple targeted viral RNAs.

In order to demonstrate that PR8 virus particlekage only one copy of the HA
RNA instead of two or more copies, we performed ghetobleaching analysis with a
virus strain that was reverse engineered to caroydopies of the HA gen®9). In this
virus, PB2 packaging signals were used to packddgi@anal copy of the HA gene. PB2
gene itself was packaged using the NA packagingassg The engineered 2HA-PRS8
virus carries the mutated PB2 segment and two Hysats. To determine if both HA

segments were incorporated into the virus particlesl RNA extracted from purified

50



2HA-PRS virus was resolved using RNA electropharésilowed by silver staining. The
PB2-HAmMut-PB2 segment migrating between the PA ssgrand the HA segment was
observed, showing that the additional HA segmerd imaorporated into virus particles
(Figure 3.6C).

To test if the photobleaching analysis has theluéiso to resolve the number of
target segments packaged into virus particles, &épned FISH and photobleaching
analysis with the 2HA-PRS8 virus under the same erpmntal conditions as the wild
type. The histogram of photobleaching steps foipttodes against the HA segment in the
2HA-PRS8 virus exhibited two peaks (Figure 3.7D, mata points). The first peak
appeared around seven photobleaching steps whistth@asame peak position as for the
PR8 virus. The second peak appeared around 13 stk is approximately double the
position of the first peak. These results showed th the 2HA-PRS8 virus population,
there was a populations of virions that contairreddame number of HA segment as the
wild type PR8 virus and another population of vipssticles that packaged as twice as
many. To further confirm that the appearance ofsémond peak in the 2HA-PR8 virus is
not due to intrinsic disorganization of viral RNAgkaging, we performed FISH and
photobleaching analysis using fifteen Cy5 probesresy the NP segment in the wild type
PR8 and 2HA-PRS8 virus. The photobleaching stepogrsins of NP segment in both
viruses displayed single peak distributions, dertrating that 2HA-PR8 virus was not
defective in packaging unmodified viral RNAs and 8toichiometry of the packaged NP
segment was the same as that of the wild type YFigure 3.7E). Since it was unlikely
that a 2HA-PRS8 virus packaged 4 copies or more legngents, these data strongly
suggested that the double peak distribution seesm nepresentative of two viral HA
segments being incorporated into a single viriadmer&fore, the single peak distribution
of the photobleaching step histogram seen for tAeselgment in PR8 virus arguably
represents only one copy of the HA segment packadedvirus particles. Our data also
strongly suggests that a single copy of NP is ipemted into a single virion.

We next wanted to investigate whether only a sicgley of the other viral RNA
segments were package into PR8 virus particlesp®fermed FISH and photobleaching
step analysis for the other six segments: PB2, F&,NA, M and NS. In each case

fifteen Cy5 probes were used for hybridization @hdtobleaching steps for more than
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500 fluorescence spots were counted. The histogoériee photobleaching steps for the
segments examined all exhibited singly peaked leofi(Figure 3.8). Gaussian
distribution fits to the photobleaching profileskigure 3.8 showed that more than 90%

of the virus particles package a single copy géecdic gene (Figure 3.9 A and B).

3.3 Discussion

Using two-color single-particle FISH analysis wehiaved direct quantification
of co-packaging of different vVRNAs into the samgon. The PB2 segment was shown
to be co-packaged with each of the other vRNA sexgsnat efficiencies around 90%.
This indicated that a large proportion of viriosat packaged the PB2 segment also
package the other seven segments. It is of natectiocalization between Cy3 and Cy5
FISH probes against different segments of the sdRMA was only approximately 90%,
possibly due to detection and analysis limitatiansdefects in some VRNA (Figure
3.5C). Therefore we are underestimating the peagenof virions that incorporate all the
eight VRNA segments due to the limitations of oetedtion or uneven hybridization
probability for different FISH probes. Neverthelgdsese results quantitatively show that
heterogeneous viral RNA segments are selectivetkgged within an influenza virion
with high efficiency.

We applied photobleaching analysis to resolve tpyaiumber of a specific viral
RNA segment that is packaged into individual visoResults from the analysis of the
number of HA VRNA segments in the wild type PR8 &iktA-PR8 viruses showed that
only one copy of the HA vVRNA was incorporated p&8Pvirus particle. Analysis of
other viral RNA segments also suggested that desowpy of each VRNA segment was
packaged into individual virus particles. Althougle estimated about 90% of virus
particles contain single copy of a specific gene,believe that this fraction is an under-
estimation of the true percentage of virus parsidleat package single copy of each
VRNA. It has been shown that about 10% to 20% nfsvparticles would self-aggregate
after purification 100). Moreover the immobilization of two virus pargclwithin a
diffraction limited area (1% to 4% of virus pargslat the particle density that we do our

experiments) or uneven hybridization probabilityceng probes targeting the same vRNA
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(due to the fact that VRNA segments within the virnvelope are non-specifically
wrapped around with proteins in the form of ribdleoprotein structures) can generate a
shoulder towards higher number of photobleachiegsst Considering all these points,
we believe that the majority of the virus partictestain a single copy of a specific gene.
Thus, we believe the percentage of virus partictegaining single copy of each vVRNA
is close to 100% and the percentage of virus pestithat package eight single copy of
each of the eight viral RNA is much higher than ésémated 40% (0.9”8) (Figure 3.6).
Normalized Cy3 and Cy5 intensities of individualdtescent spots, in the case of
hybridization with Cy3 and Cy5 FISH probes agattifferent regions of the NA vVRNA,
showed very high intensity correlation between g¢hekannels. This confirms that the
spots with high intensity most probably are comiraym virus aggregates (Figure 3.9C
and D).

3.4 Conclusion

In conclusion, we have established a new experahecheme with single virus
particle sensitivity to interrogate the influenzRNA for its identity and composition.
This technique allowed us to understand the stoiobiry and composition of the
segmented VRNAs in the influenza virus particlesing this technique, we showed that
one influenza virus particle packages eight unigiral RNA segments, providing
guantitative evidence that the genome packagingflafenza virus is a highly selective
process. This novel strategy can be further appiestudy the packaging mechanisms of

other viruses with a segmented genome.

3.5 Experimental Procedures

Virus Purification

Wild type PRS8 virus and the 2-HA PR8 virus werevgndan 10-day embryonated
chicken eggs (Charles River Laboratories, SPAFAS7aC for 48 hours and 60 hours,
respectively. The embryos were then killed and @hentoic fluid was harvested. The
allantoic fluid was clarified by centrifugation 4000 rpm at 4°C for 30 minutes. The

clarified allantoic fluid was then layered on a 2@4crose cushion and centrifuged at
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4°C, 25000 rpm for 2 hours using a Beckman SW28rrothe pelleted virus was
resuspended in 1XNTE buffer (100 mM NaCl, 10mM FHiGl pH 7.4, 1ImM EDTA)
and layered onto a 10% - 30% iodixanol density igratd(Sigmal-Aldrich, MO) for
centrifugation at 25000 rpm for 3 hours at 4°C. Vhias was extracted from the gradient
using a syringe and pelleted by centrifugation 32a® rpm at 4°C, for 1.5 hours. The
purified virus was resuspended in 1X NTE buffer atated at -80°C before use.

Sample Preparation

Flow chambers were prepared on polyethylene glyP&lG) passivated slides
doped with biotinylated PEG which were then bounthveutrAvidin (Thermo). To
immobilize the influenza virus particles, biotinggd mouse-monoclonal anti-
hemagglutinin antibodies were captured on the sarfy incubating the antibody at a 15
nM concentration for 20 min at room temperaturee Virus was diluted in T50 buffer
(10mM Tris-HCI, pH 8.0, 50mM NaCl) and incubated 8) min at room temperature in
the chamber with immobilized antibody. The PR8 siwas diluted 1:150 and the 2-HA
PR8 virus was diluted 1:30 from the stock to obtawil-isolated spots on the surface
(~250 particles per 2500 |frimaging area). After each step, the unbound adiitsoand
virus particles were washed away with T50 buffene Tantibodies and virus were then
fixed with 4% paraformaldehyde in T50 buffer for hfin. After one wash with T50
buffer, the virus particles were permeablized byiif incubation with 0.25% Triton X-
100 to expose the viral RNPs. The flow chambersewben washed twice with T50
supplemented with 2mM RNase inhibitor vanadyl ribcdeoside complexes (VRC)
(New England BioLabs) before hybridization.

Fluorescencan situ hybridization (FISH) was performed following protds
published earlier98, 10). For each influenza viral RNA, 30-48 probes wdesigned
and synthesized (Biosearch technologies, Novato). ThAe probes were labeled with
Cy3 or Cy5 fluorophores and HPLC purified accordiagpublished protocollQ2). The
hybridization reactions were carried out by incuiathe permeabilized virus with the
hybridization solution containing each probe atraiconcentration at 37°C for 3 hours.
Different numbers of probes were mixed for the Idikation reactions according to

experimental purposes. After hybridization, the mbars were washed with the wash
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buffer (2X SSC, 10% formamide and 2mM VRC) at 376€30 min and then incubated
in 2X SSC before imaging.

Single-Molecule Data Acquisition

Single-molecule imaging was performed using a prigipe total internal
reflection fluorescence (TIRF) microscope as desdiearlier §0). Briefly, a 532 nm
Nd:YAG laser and a 632 nm Helium:Neon laser wasdeuithrough the prism to
generate an evanescent field of illumination forS3Gnd Cyu5 excitation. A water-
immersion objective (60X, numerical aperture 1.2yn@pus) was used to collect the
signal and the Cy3 back-scattered light was remagag a 550 nm long-pass filter. A
635 nm notch filter was used to allow for the sitanéous imaging of Cy3 and Cy5. The
fluorescence signal was sent to a high-speed EMC&HMera (iXon DV 887-Bl, Andor
Technology). Time resolution of 0.1 sec was usedte data acquisition. The imaging
buffer consisting of 4 mM Trolox, 2X SSC buffer, BmVRC and with an oxygen
scavenging system (1 mg/ml glucose oxidase, 0.4%) (d-glucose and 0.04 mg/ml
catalase) was injected into the flow chamber beflata acquisition. The measurements

were performed at room temperature (22 + 1°C).

Photobleaching Analysis

The surface containing virus particles with hylzeti FISH probes against a
specific VRNA were imaged until all of the fluorest spots were photobleached. Single-
molecule fluorescence time traces for each spotveequired and analyzed for the
number of photobleaching steps by a semi-automalgarithm. As distinct bleaching
steps could be identified, the average step size sihgle bleaching step was calculated
for each trace and the total number of photoblearhkteps was determined based on the
starting fluorescence intensity of that trace. thié fluorescence traces were examined
manually, traces with no clear photobleaching sw@pslerived from fluorescent spots
exhibiting oval shape (virus particles aggregatesje discarded. In each case, at least

300 patrticles were analyzed.

Colocalization Analysis
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Colocalization between Cy3 and Cy5 spots was agdlgs previously described
(103, 104. In brief, coordinate of fluorescent spots upoyB@nd Cy5 excitation were
recorded. Then by using a mapping file, the twoncleés were mapped onto each other.
If the center of two spots were closer than 1.%elgixve considered the two spots as
colocalized. Our control experiments showed thatthet surface density that we
performed our experiments this criteria would pm@Elua maximum of 4% false
colocalization. The colocalization efficiency waalaulated as the percentage of the

number of colocalized spots over the total numib&y3 spots.

Fitting Analysis

To determine the percentage of particles contaigingle copy of each VRNA the
photobleaching histograms were fitted with doubleussian distributions. Initially we
determined the position of the first peak by figtia single Gaussian function to the first
half of the data. Then a double Gaussian fit wasedo the data by fixing position of the
first peak and bounding the position and width lid second peak. All fits were done
using Origin Lab software. The accuracy of the Wi@s also verified by using a fitting
MATLAB (Mathworks) code.
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3.6 Figures and Tables

Segment Iength| Encoded Protein . .
Segment (nucleotides) | protein(s) |(amino acids) Protein function
1 2341 PB2 759 | Polymerase subunit; mRNA cap recognition
Polymerase subunit; RNA elongation,
PB1 757
2 2341 endonuclease activity
PB1-F2 87 Pro-apoptotic activity
3 2233 PA 716 Polymerase subunit; protease activity
Surface glycoprotein; major antigen,
4 1778 HA 550
receptor binding and fusion activities
RNA binding protein; nuclear import
5 1565 NP 498
regulation
Surface glycoprotein; sialidase activity,
6 1413 NA 454
virus release
Matrix protein; vVRNP interaction, RNA nuclear
M1 252
7 1027 export regulation, viral budding
M2 97 lon channel; virus uncoating and assembly
Interferon antagonist protein; regulation of
NS1 230
8 890 host gene expression
NEP/NS2 121 Nuclear export of RNA

Table 3.1 The genomic segments of influenza A/Puerto Ric@841(H1N1) virus and
their encoded proteinhe PB2, PA, HA, NP and NA proteins are each endaue a
separate RNA segment. The M2 and NEP are both gsguidrom spliced mRNAs, while
PB1-F2 is encoded in a +1 alternate reading frakdapted from the paper by Bouvier

al (87) with permission from Elsevier.

57



Figure 3.1 General structure of influenza A viral RNA and RNRA) Schematic
diagram of a typical VRNA segment. It consists dbhage open reading frame (ORF)
(open box) flanked by short untranslated region§RE) (lines) and terminal promoter
sequences (green boxes) that form the polymeraséingi site and are essentially
identical in all segments. The proposed packagiggats are shown as red wedges and
overlap the UTRs and terminal coding regions. (B) Enage of an RNP negatively
stained with uranyl acetate. Approximate magnifaratis x300,000. Adapted from a
paper by Jenningst al (105. (C) Cartoon model of Influenza RNP organizatiBtue
spheres represent NP monomers (1 monomer per 2€otides) with associated VRNA
molecule (black line). The single-stranded vVRNAa@ded into a hairpin structure) which
forms the binding site for the heterotrimeric RNApgndent RNA polymeras&do).
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Figure 3.2 History of reassortment events in the evolutiontteg 2009 influenza A
(HIN1) virus. The segments of the human 2009 imfraeA (H1N1) virus have coexisted
in swine influenza A virus strains for more thanyHars. The ancestors of neuraminidase
have not been observed for almost 20 years. Thangiixessel for the current
reassortment is likely to be a swine host but resxainknown. Figure reproduced with

permission from Trifonoet al (88). Copyright Massachusetts Medical Society.
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Figure 3.3 Cartoon models for two possible influenza genomekaging mechanisms.
Replication of the viral genome takes place inribheleus of the infected cell. Then the
viral RNPs are transported to the plasma membramerevthey get packaged into the
budding virions. (A) The random packaging modelpmses that an arbitrary number of
RNPs are packaged so that a reasonable propoftinams contain at least one copy of
each segment. (B) The specific model proposesethet VRNA contains unique features
that allow it to be distinguished from other vRNAdacellular RNA. According to this
model, each virus selectively packages eight uniagnae RNPs. (C) A negatively stained
EM section through an H1IN1 influenza virion showithg distinctive “7+1” array of
RNPs. Adapted from the paper by Noetaal (96), with permission from the Nature
Publishing Group.
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Figure 3.4 (A) Schematic for FISH analysis on single-virustigdée. The virus particles
were immobilized through interaction with biotinidd antibodies against the HA protein
and neutravidine. After fixation and permeabilieatiof virus particles, viral RNA
hybridized with FISH probes were visualized usin®HF microscopy. (B) Specificity of
our single virus FISH assay. TIRF images of thdesgurface in the presence or absence
of virus particles and hybridized with FISH prola@s shown. In each case, a mixture of
48 singly labeled DNA FISH probes targeting a sip@gRNA was used. The error bar is
5 um. (C) Average number of fluorescent spots in B,1jp@00um? is shown (number of
fields, n > 10).
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Figure 3.5 (A) Representative TIRF images for colocalizatioralgsis is shown here.
Immobilized virus particles were hybridized with £3/3-labeled probes and 23 Cy5-
labeled probes against different parts of the NAIVRNA segment. TIRF images of
particles labeled with Cy3 probes (Left) and Cydlqas (Center) are shown. The overlay
image of the two images is shown (Right). (Scale: & um). (B) Schematic
representation of co-localization analysis. (C) dgalization efficiency of two
fluorescence probe sets targeting the same virdl.FINSH analyses were carried out on
PR8 virus immobilized imaging surfaces using 23 dagfB3eled probes and 23 Cyb5-
labeled probes against the NA viral segments oC¥8-labeled probes and 16 Cy5-
labeled probes against the M viral segments. Theepgages of the number of the Cy3-
only spots, the Cy5-only spots and the dual-labsfsats over the total number of spots
are plotted.
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Figure 3.6 Co-packaging of different vVRNA segments into indival virus particles. (A)
Colocalization efficiency of the PB2 segment wiie PB1, PA, HA, NP, NA, M and NS
segment is shown. In each case, 48 Cy3-labelecepriaingeting the PB2 segment and 15
Cyb5-labeled probes targeting the paired segmerg wsed. (B) Colocalization efficiency
of the PB1 segment with the NA or M segment. FISidlgsis was performed by mixing
48 Cy3-labeled probes targeting the PB1 segmett Wbt Cy5-labeled probes targeting
the NA or M segments. The colocalization efficiemgygalculated as the number of Cy3
and Cy5 colocalized spots over the total numbeCg8 spots. The data shown are
normalized by setting the colocalization efficierafyCy3 and Cy5 probe sets against the
NA segment as 100% (see FiguréB). Error bars denotes SD (n > 10). (C) Co-
packaging efficiency of the PB2 segment with thel PBA, NP, NA, M, or NS segment

( # of colocalized spots/ # of PB2 spots) and th@ackaging efficiency of PB1, PA, NP,
NA, M or NS with the PB2 segment ( # of colocalizgabts/ # of VRNA X spots) are

shown.
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Figure 3.7 PR8 virus particle packages one copy of the HA ssgn{A) Photobleaching
analysis of the HA VRNA in PRS8 viruses hybridizedthw15 Cy5-labeled probes.
Representative image of the slide surface undeTlR& illumination. The graph shows
the plot of total fluorescence intensity versusetifor the circled Cy5 spot (left)
exhibiting seven photobleaching steps. (B) Schentithe photobleaching assay. (C)
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Bulk analysis of viral RNA packaging in the 2HA-PRBus. Purified viral RNAs from
the 2HA-PRS8 virus and PR8 virus were resolved usirj8% acrylamide gel, followed
by silver staining. The identities of the bands evéabeled based on their sizes and
previous findings. (D) Histogram of the photobleaghsteps analyzed for the FISH
probes targeting the HA vVRNA in PR8 (black datanpg)iand 2HA-PR8 (red data points)
viruses. Error bars denote SDs n5). (E) Histogram of the photobleaching steps
analyzed for the FISH probes targeting NP VRNA R8Rblack data points) virus and
2HA-PRS8 (red data points) virus. Error bars der@ids (n= 3).
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Figure 3.8 PR8 virus packages single copy of each viral RNgnsnt. Histograms of
the photobleaching analysis are shown for the P§2RB1 (B), PA(C), NA (D), M (E),

and NS (F) segments in the PR8 virus. Error banst@eSDs. = 3.
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Figure 3.9Double Gaussian fit to the histograms of the nunabgrhotobleaching steps.
(A) Double Gaussian fit to the histogram of the phatabhing steps analyzed for the
FISH probes hybridized with the PA viral RNA. Thedlrcurve represents Gaussian fit to
the main peak and shows 90% of the population amtasingle copy of the viral RNA.
(B) Double Gaussian fit to the average histogram. Tigogram was obtained by
averaging the PB2, PB1, M, NP and PA photobleachistpgrams normalized to their
main peak positions. The red curve represents @aufs to the main peak and shows
91% of the population contains one copy of a speeiral RNA. The blue curve is
Gaussian fits to the second peaks and the blacle darthe overall fit overlaid on the
histograms. (C) Normalized Cy3 and Cy5 intensitynalividual spots for virus particles
hybridized with Cy3 and Cy5 labeled FISH probesirgadifferent regions of NA
VRNA. (D) Normalized Cy3 and Cy5 intensity of inalual spots for virus particles
hybridized with Cy3 and Cy5 labeled FISH probesregjePB2 and PA VRNA.
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Chapter 4
Analyzing DNA Packaging Initiation
of Bacteriophage T4 by a Real-time
Single Molecule Fluorescence Assay

4.1 Introduction

Bacteriophages (commonly known as phages) areedgrtisat infect bacteria and
use the host cellular machinery to replicate. Teétdr@ophage is a lytic phage that infects
the E-coli bacteria. Structurally, T4 is a tailed double rstied DNA (dsDNA) virus that
packages its 168,903-bp long genome, coding foutaB00 genes, inside an elongated
icosahedral head which is 120 nm long and 86 nne \(kigure 4.1)107).

The T4 life cycle involves consecutive steps ofaapison, penetration, replication,
assembly, and host lysis and escafieer the life cycle is complete, the host cell &isr
open and releases 100-200 new virions. The Iyfecclycle of T4 from initial infection to
the lysis of the bacterial host cell takes about@dutes (Figure 4.20108).

A critical and fascinating step in the assemblyléfvirus involves packaging of
its dsSDNA genome into an empty preformed procapsdhe unique portal vertex. The
molecular motor that “stuffs” the dsDNA into thegge procapsids usually consists of
three proteins: the portal protein and two DNA-magikg proteins (large and small
terminase subunits109. The portal protein of the tailed bacteriophatied have been
examined, including T4, is a dodecametric ring ragead radially and with a central
channel for DNA entry and ejectiod0, 11} (Figure 4.3A). No ATP-binding or ATP
cleavage site has been found in portal protel®9)( In the case of T4, a dodecameric
ring of protein gp20 (61 kDa) forms the portal rinBhage terminases are DNA

packaging enzymes that contain the ATPase and ectiase activity. These enzymes

% The work in this chapter is published and in prafion as following papers:
 Zhang, Z., V. |. Kottadiel, R. Vafabakhsh, L. D¥i,R. Chemla, T. Ha and V. B. Rao, "A
Promiscuous DNA Packaging Machine from Bacterioghtg', PLoS Biology 9 (2), €1000592
(2011).
* R.Vafabakhsh, K. R. Kondabagil, L. Dai, V. B. RdoHa “Analyzing DNA Packaging Initiation
of Bacteriophage T4 by a Real-time Single Moledtlleorescence Assayto be submitted
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utilize the chemical energy of ATP hydrolysis tartslocate the DNA into the capsid.
Terminase proteins also have to recognize the AN and bring it to the capsid for
packaging.

In the T4 packaging system, gpl7 (70 kDa) and gdBskDa) constitute the
large and small terminase complexd43. The precise role of the small terminase
subunit gpl16 as part of the packaging motor id sticlear. Although gpl6 deletion
mutants produce empty proheadd43), gpl6 is not requireth vitro packaging assays
(114, 115. It has been proposed that gpl6 is involved @itiitial DNA recognition and
further acts as the regulator of ATPase and nuelaasvities of gp171(16). Unlike the
case of gpl6, gpl7 is necessary and sufficienT4o0DNA packagingn vitro (117). The
N-terminal domain of gpl7 (amino acids 1-360) haBPAse activity while the C-
terminal domain (amino acids 361-610) has nuclaaseity (118. The crystal structure
of the large terminase gp17 has been solved to fe88lution and confirms the ATPase
activity of WalkerA/B maotif in the N-terminal domaof gp17 (19 (Figure 4.3B).

Five molecules of gp17 assemble on the gp20 pddiahing a pentameric motor
with a central DNA translocation channel that ioab2 nm wide (Figure 4.3C).
Structural and biochemical studies have suggestadcdonformational change in gpl7
between relaxed and tensed states, induced by AJdrollgsis and stabilized by
electrostatic interactions, drives packaging of DNAY9). The T4 genome exists in the
form of a branched multimeric head-to-tail polymef viral DNA, or so called
concatemer 120). The terminase complex initiates the packagingfitst generating
double stranded ends from the concatemeric DNAerAdt“headful” length of DNA (171
kb or 102% of the genome) being packaged, presynaatiieadful” signal is transmitted
to the terminasel@l). Consequently, the terminase complex makes tbensecut and
terminates the DNA packaging. It is suggested tiatnitial cleavage of the concatemer
and the final cut after the headful packaging, oauthout sequence specificity. It takes
about 3-5 minutes for T4 to package its full 17® ldenomen vivo. DNA within the
head is nearly as compact as crystalline DNA (~8@@ml) (122 which results to an
internal pressure of up to 6 MPa (equivalent toerthan ten times the pressure inside a
bottle of champagne).
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In the past 10 years single molecule techniquee peovided us with a more in-
depth picture of the mechano-chemical details akaging machines. High-resolution
optical tweezers experiments on the bacteriopl®2@ system have demonstrated that
packaging happens in 10 bp increments with substé@s5 bp per ATP hydrolyzed
(123. In the case of T4 bacteriophage, using singlécoubte optical tweezers124) it
has been shown that the packaging motor can genfnaies as high as 60 pN and can
package DNA at a rate of up to 2,000 bd/2g. These findings put the T4 packaging
system among the most powerful molecular motororted to date. More recently,
single molecule fluorescent and FRET assays hawn hesed to study subunit
stoichiometry of phage packasome and kinetic detail DNA packaging. Single
molecule imaging and photobleaching analysis haamahstrated the existence of 6
pPRNA subunits within the bacteriopha@®9 packaging machinery126). Fluorescence
correlation spectroscopy (FCS) have been adaptechdoitor the kinetics of DNA
packaging in near real-time and showed that botls @f the packaged DNA are held in
proximity of the portal entry and exit channel betcapsid 127, 128. Finally, single
molecule FRET studies have suggested that DNA cessps up to 25% as it translocates
through the portal channelZ9).

Although biochemical, structural and single molecapproaches in the past 50
years have yielded great progress in understandiffigrent aspects of viral genome
packaging, due to transient and complex naturatefactions at the initiation stage, not
much is known about the nature and dynamical asmé¢hese interactions.

Here we report a real time single molecule fluoeese assay that demonstrates
consecutive packaging of dsDNA molecules by thegph@4 packaging motor, one
molecule at a time. The reconstituted complexesevggrecifically immobilized on a
passivated slide through antibody interactions. Adiifél fluorescently labeled dsDNA
were added and individual packaging machines, eachying out successive DNA
translocation, were imaged in real-time by totdakinal reflection microscopy (TIRF).
Using this assay we quantified the time requiredasembly of the packaging complex
and initiation packaging. Also we demonstrated DBtA can directly interact with the
capsid portal which can highlight the active rofeportal in DNA packaging. Subtle

changes in the Walker A P-loop, such as increasdam length by a single carbon, can
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lead to severe defects in packaging initiation. @sults suggest a model in which
packaging initiation, analogous to the firing ofaurtomobile engine, requires rapid firing
of ATPase subunits in succession to lock the DNAthe packaging machinery in

translocation mode. Our single molecule approackiges a quick and accurate way to
guantify viral assembly and initiation in differecdnditions and to resolve the effect of

different mutations or other proteins on the asdgmbinitiation steps of packaging.

4.2 Experimental Results
4.2.1 Single Molecule Fluorescence Assay to StuoiWA Packaging

We used prism-type total internal reflection flusrence microscopy (TIRFHQ)
to probe individual virus particles immobilized tve chamber surface. The experimental
chamber was assembled as described previouslyriefy Btrips of double-sided tape
were sandwiched between a microscope slide andrersip to make 5 chambers per
slide. The typical dimension of the experimentarober was about 16 mm x 4 mm X
100 um. For the long-term observation of singleuwirparticles, purified T4
bacteriophage heads, pre-assembled with the packawptor (in the presence of AJ®
and a 120 bp unlabeled priming DNA)}26), were immobilized on a PEG polymer
coated surface (Figure 3.4). The specific immoailan was done through successive
incubation and wash of neutravidine, biotinylategtandary antibody and primary
polyclonal antibody against capsid proteins.

After immobilizing the virus complexes and befongtiating the packaging, less
than 15 dim fluorescent spots could be detecteth@surface per imaging area (70 pm x
35 um) (Figure 3.5A); possibly due to the surfanpurities. However, after initiation of
packaging by introducing ATP and fluorescently lade DNA, fluorescent spots
appeared on the surface and grow in intensity a&shtbads packaged more DNA
fragments (Figure 3.5A). In a typical experimeie thumber of fluorescent spots per
imaging area after injection of labeled DNA and AWas 10-20 folds more than the
controls (Figure 3.5B). Furthermore, DNase | treattof the chamber after packaging,
only slightly reduced the number spots on the setfaherefore, the detected fluorescent

spots on the surface came from the labeled DNA ggetk inside the virus capsid (Figure
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3.5C). Based on these data we believe that theodapible large difference in the

number of fluorescent spots demonstrates the laghitsvity of our assay.

4.2.2 Bacteriophage T4 Packaging Machine is HighPromiscuous

The formation of viral particles is thought to besequential and irreversible
process in which the assembly of one componentrgerseea new site or conformational
state that allows for the assembly of the next camept, and so onl80. During the
packaging step, once a full length genome has paekaged, a conformational change
in the portal causes the terminase to detach.dtbe@n assumed that the motor cannot
reattach, after a headfull packaging. However, mecemplementary results from bulk
packaging assays, single molecule optical tweeards single molecule total internal
reflection fluorescence assays (sSmTIRF) have ahgdlé this picturel31) (Figure 4.6).
Initially, bulk packaging assays showed that bahipl and full mature heads efficiently
packaged short DNA fragments upon incubation withAD ATP and gpl7. Single
molecule optical tweezers experiments confirmed peckaging motor can assemble
onto partial and full mature heads and packageDiNA. The packaging rate of these
assembled packaging machines was shown to be sitmithat of machines assembled
on packaging-naive proheads (~800-1,100 bp/s)llI¥irsangle molecule fluorescence
measurements showed that the mature phage headsgandepeated packaging
initiations, packaging multiple DNA molecules irttee same head. Short 39-bp Cy5-end-
labeled and 83-bp Cy3-end-labeled DNAs were paakag® proheads, partial heads,
and full heads in bulk. The heads were then imnmddl on the chamber surface as
described earlier and imaged in a TIRF microsc@uasistent with results from the bulk
assays, the average number of fluorescent spotsspending to partial heads that had
packaged the labeled DNA was about 5-fold gre&tan for the proheads, and about 10-
fold greater than for the full heads (Figure 4.7A7B). Control experiments, which
omitted gpl7, had 0-2 bright spots, suggesting tiwatspecific fluorescence of any
surface-bound material is negligible. Photobleaghamalysis showed that the patrtial
heads contained on average five to six DNA molecpler head, whereas the proheads
and full heads contained four DNA molecules perdh@agure 4.7C). Thus, the mature

phage heads, like the procapsids, can undergopteufiackaging initiations. The single
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molecule data also suggested that the large difterén packaging efficiency between
the partial head, the full head, and the proheaseafrom the inability to initiate
packaging in a large fraction of full heads andhgds. For heads that are capable of
initiating DNA packaging, the number of moleculesckaged is only slightly different
between the three species.

These data suggest that the gpl7 motor binds to inmamature and mature
capsids and continues to insert multiple DNA molesuinto the capsid. Such
promiscuous activity for the motor protein may hekplain the fundamental relationship
between genome size and capsid volume that hasdiisenved in double-stranded DNA

bacteriophages and other viruses.

4.2.3 Assembly of Bacteriophage T4 Packaging Maicery

As mentioned in 4.2.1, the packaging complexesvpeeassembled by mixing
and incubating the heads with gp17, ABPand a short unlabeled priming DNA prior to
immobilizing them on the surface. In order to indpthe functional details of gpl7
assembly onto the capsid, we preassembled sepaeiaging complexes using the same
concentration of heads and gpl7 but omitting A3 Por priming DNA. After
immobilization of packaging complexes onto separettannels as described in the
section 4.2.1, we initiated the packaging by infegATP and 35bp Cy5-labeled dsDNA.
We then quantified the fraction of active complekgsdetermining the average number
of fluorescent spots per imaging area (70 um x 3% from at least 30 different imaging
areas for each sample. Figure 4.8 shows the fraafoactive complexes showing
multiple initiation events and after DNase | treatrh As it is seen, in the absence of
ATPyS in the assembly step, only about 3% of complekesved successful initiation
compared to the complexes formed in the presenceAD®yS. ATHS is the
nonhydrolyzable ATP analog and should mimic theseffof ATP binding (and not
hydrolysis). The fact that active packaging comptorm very inefficiently in the
absence of AT¥S highlights the role of ATP binding in the asseyndtiep and its direct
role in stabilizing the interaction between gpld dhe portal protein (gp20). In most
multimeric protein complexes and filaments, ATRothrer cofactors are positioned at the

interface between neighboring subunits mediatingembly of the structurel8?).
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However, in gpl7 the ATP binding site is on the sapface of the N terminal subdomain
Il where gpl7 is interacting with the portal protefl19. The higher stability of
complexes in the presence of bound ATP hint tortte of ATP binding in “gluing”
individual motor subunits to the viral capsid. Aldbe weak interaction between
neighboring gpl7 subunits enables the motor toemehhigh packaging rates. On the
other hand DNA in the channel can provide elecatossupport and therefore stabilizes
the motor complex. This is why in the absence ef phiming DNA the efficiency of
active complex formation drops to 15% (Figure 4.8).

4.2.4 DNA Can Directly Bind to the Capsid Portal
The experiments in the previous section were dafter immobilizing the pre-

assembled complexes on the surface. We decidedstowthether assembly step also
could be done in the chamber itself. To test thissdirectly immobilized partial heads on
the surface without prior assembly with DNA or gp$urprisingly when we flowed in 2
nM Cy5-labeled DNA we observed many fluorescentspo the surface (Figure 4.9A).
When we increased the concentration of the imnuddliheads on the surface, we
observed more fluorescent spots on the surfaceaiiag that the DNA was binding to
the capsid. Also to confirm that DNA is bindingttee heads and not to the slide surface,
we repeated the experiment, using the same DNAecdration, in a chamber without
the virus heads. In this case, we observed more 3batimes less number of spots (19
spots vs. 634 spots), firmly indicating that thes@ilyed spots in the previous experiment
were not due to non-specific binding of DNA onte gurface (Figure 4.9B). Most of the
detected spots (>80%) showed single step photdiilemcsuggesting that only one DNA
molecule was bound to the capsid. The capsid sidaea is very large and if the DNA
was non-specifically “sticking” on the capsid swdawe would expect to see a wide
range of number of photobleaching steps. We thiakdpots that show more than one
photobleaching step are from virus head aggregatesultiple virus particles being
immobilized within diffraction limited spot. To fthrer attest that the DNA was bound to
the head portal and not the capsid surface, weategethe experiment in a chamber
containing the preassembled packaging complexisncase we expect that the portal be

occupied by the gpl7 protein. After injecting DN#ta this chamber we observed an
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order of magnitude fewer number of spots than wiendid the experiment with the
capsid only (75 spots vs. 634 spots) (Figure 44900D).

We observed two distinct behaviors for the DNA ewolles that interacted with
the virus head. While most of the molecules shofastibinding and unbinding of DNA,
a small fraction of them showed tight binding te tbapsid (Figure 4.10A). For the
fluctuating traces, increasing the DNA concentratiocreased the DNA binding rate
while it did not have a significant effect on thebinding rate (Figure 4.10B). In order to
further prove that the DNA signal that we see i@ty coming from a DNA binding to
the capsid portal, we did the following experimekiter immobilizing the capsids on the
surface and introducing Cy5-labeled DNA, we flowed gpl7 and ATP without
additional DNA. After a short incubation, we flow&d excess amount of DNase | and
incubated for 20 minutes. If the DNA was originaltpund to the portal, packaging
motor could assemble and package this DNA inside dépsid. The packaged DNA
would be protected from the DNase | digestion aedck we should see the signal. On
the other hand, if the DNA was stuck to the cagsidace or the slide surface, we do not
expect to see signal after the DNase | treatmesata/Acontrol, we repeated the same
experiment but without the packaging step (withih gpl7+ATP step). Figure 4.10C
shows the result of counting the number of spotthersurface in the two cases. As it is
seen, when we had the packaging step, we obseév&aldlmore number of spots on the
surface. Furthermore, using a two-color approachplbserved that about 30% of capsids
that packaged the initial Cy5 DNA, could later pag& multiple Cy3 DNA by providing
gpl7, Cy3 DNA and ATP after the DNase | step. A#ide data prove that DNA can bind
to the portal directly and then upon access to gmid ATP, the same DNA can be
packaged inside the capsid. | will discuss someadyoal aspects of this interaction in
the next section. It is worth mentioning that boflthe interactions shown in the Figure
4.10A can package DNA upon availability of ATP agpl 7. In order to show this, virus
heads were immobilized on the slide surface and 2DNA was flushed into the
chamber. After 140 seconds, 1mM ATP, 2nM DNA and/igp17 were introduced. We
observed active packaging for complexes that shob@ti stable DNA binding or
transient DNA binding prior to addition of motordaATP (Figure 4.10D and 4.10E).
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4.2.5 Quantifying the DNA Packaging Initiation

The pre-assembled packaging complexes that arelired on the surface can
be image in real-time while they are packaging DMAlecules, one after the another
(Figure 4.4). Analyzing individual packaging heasisows stepwise increase in the
fluorescent intensity after addition of ATP and DNRigure 4.11A). Each step in these
traces corresponds to encapsidation of a new Qyfddd DNA fragment inside the
diffraction limited volume of a virus head. Depemgli on the DNA and ATP
concentrations, it takes about 10 to 100 secondhéomotor to package a DNA. On the
other hand, it has been shown that the average MDdwslocation rate for the T4
packaging motor is more than 700 bpI24). Therefore, the 45 bp DNA used in our
assay should get packaged in about 50 ms. Theréfmréime delay we observe between
successive packaging events is the “initiation tineguired for the motor to bind a new
DNA, load with ATP and re-initiate the packaging.

In order to get insights into motor assembly dymamwe can flow in the motor
along with the labeled DNA and ATP into the chamizbich has the heads immobilized
on the surface. In this case, motor needs to agedmefore packaging initiation happens.
By comparing the first packaging time in this cguofiation and the time required for the
preassembled complex to initiate packaging, we osasure the motor assembly
timescales (Figure 4.11B). For example in the cls®vn in Figure 4.11B we measured
an assembly time of at least 44 seconds even iprésence of saturating ATP (1 mM)
and gpl7 (1 uM) concentrations. Surprisingly, ikis relatively large time compared

with the time required for the packaging of the \ehb4 genome which is 3 to 5 minutes.

4.2.6 Initiation of DNA Packaging Happens in Burts

Having established a robust assay to probe pacgagithe page T4 system and
to further quantify the packaging reinitation wéldaed individual virus heads as they
packaged multiple short Cy5-labeled dsDNA molecolss long periods of time (Figure
4.12A). Each head showed stepwise increase inubestcence intensity over time with
each step corresponding to the packaging of a ng@+l&beled DNA. The discreet
intensity drops in the intensity traces corresptmghotobleaching of individual Cy5

fluorophores. Figure 4.12B shows the initiationdsrfor pre-assembled capsids at 2 nM
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DNA and 1mM ATP, in the absence of free gpl7. As ihighlighted in the graph, the
distribution of initiation times exhibits a doubéxponential behavior. This behavior is
very reproducible and was observed at a wide rafigeNA and ATP concentrations.
Figure 4.12C show the short)(and long €)) initiation time constants measured as a
function of the DNA concentration and in the presenf saturating ATP concentration
(2 mM). As it is seen, the short initiation timepagads on the DNA concentration and
therefore diffusion limited. However, the long iation time does not have DNA
concentration dependence. On the other hand, biothese timescales exhibit ATP
dependence at constant DNA concentration (2 nM Dgure 4.12D) We assign the
long initiation time constant to be pausing time between activity periods dyximhich
the packaging motor needs to perhaps recoordioabditite further packaging .

Based on this data we propose the following modleke packaging complex
packages DNA with the ratk,. This rate depends on DNA and ATP concentration.
However the motor can transit into an inactiveestaith a rate, which depends on ATP
concentration. Finally the motor recovers with ttede k; and resumes packaging
initiation (Figure 4.12E)

4.2.7 Quantifying the DNA Packaging Initiation Eficiency

In order to quantify initiation efficiency of theeads we terminated packaging at
different times by quickly substituting the packagibuffer with a buffer lacking DNA
and ATP. We then photobleached individual virus dseaand the number of
photobleaching steps were counted. Figure 4.13Avsl@orepresentative trace exhibiting
11 photobleaching steps. Figure 4.13B shows thmalired histogram of the number of
packaged DNA molecules in each virus head at @iffetimes after the initial flow of
DNA and ATP, as quantified by the photobleachinglgsis. The observed heterogeneity
in the number of packaged DNA molecules per headnsistent with the bursting model
observed for mRNA transcription in bacter38). Here, both the pause time and the
packaging time are exponentially distributed areldhserved broad distributions are the

result of the combined effect of these two sounfasandomness.

76



The average number of DNA molecules per capsidaism be measured after
long incubation with ATP and labeled DNA. As Fig¥rd2C shows, the average number
of DNA molecules packaged per capsid after 30 moubation does not vary much over
an order of magnitude of DNA concentration and he presence of saturating ATP
concentration. On the other hand, this number ddipsnatically by decreasing ATP
concentration and in the presence of 2 nM DNA (Fégd.13D). These two different
behaviors highlight the critical effect of ATP hgdlysis in the initiation efficiency.

4.2.8 Heat and Cold Sensitive gpl17 Mutants are Esetive in Initiation

In order to further investigate the effect of ATKdlolysis on the packaging
initiation we studied motors with mutation in th&Rase domain. Walker A P-loop of
the AAA ATPase superfamily, one of the ancient aighly conserved motifs, has the
consensus sequence G/PXXXGKS/T. In phage packagiiases, the loop is shortened
by one amino acid and the first amino acid is ofieserine instead of a glycine (Figure
4.14A). There is also another threonine after threserved GKS/T sequence. Relatively
conservative mutations at these residues produoget@ture sensitive mutants (cold
sensitive mutantgs S161T and heat sensitive mutam;T168Q) (34). Thecsl61T and
hsT168Q mutant proteins were purified and bulk fuoicél analyses showed that these
mutants exhibited about 10-fold lower DNA-packagiacgtivity and ATP hydrolysis
(Figure 4.14B and 4.14C).

Single molecule analyses with complexes formed Vv8t61T mutant motor
showed about 10 to 20 fold fewer heads capablenithting and packaging multiple
DNA molecules than the wild type gpl7. Figure 4.18fows typical time traces for
packaging complexes with the S161T mutant motoritAs seen, the packaging time is
much longer for these heads. The average numbBN# molecules packaged in the
heads with mutant motor is less than 2 at sat@gainhP concentration and 4 nM DNA
and after 30 min incubation. This is only compaeaial wildtype motor in limiting ATP
concentrations (Figure 4.13D). The number of flsoemt spots per imaging area (70
umx35 pum) when using pre-assembled complexes i§ 2@itle without prior motor
preassembly we observe an order of magnitude nmooeekcent spots on the surface

(219+23) (Figure 4.15B). If the mutant motor coulot assemble onto the capsid, then
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the capsid portal would be accessible to DNA andADhblecules could bind directly to
the capsid as discussed in section 4.2.4. In thsé¢ eve should have seen many more
spots as in Figures 4.9A and 4.9D. Therefore, th@l$ mutant motors can assemble
onto the capsid efficiently. To investigate thes@afor low packaging efficiency of the
mutant motors, we did the experiment without preeasbly by immobilizing the heads
on the surface and then flowing in Cy5 DNA togetiwth ATP and S161T gpl7. After
30 min incubation we still observed more than 206ts per imaging area. However,
more than 75% of these spots exhibit only singlet@bleaching step. Since this
measurement is done after DNase | treatment, th& Didlecules are either inside the
capsid it stuck in the motor channel. This mearasd #ithough the mutant motor can
assemble, it is not capable of initiation and pagakg the DNA. Quantification of
packaging time showed that both the short and fmaakaging initiation times for these
mutants were longer than the times measured wilditypie motors (Figure 4.15C). The
short packaging timetd) for this mutant is more than 71 s which is ab®dold slower
than the wildtype motor at the same DNA and ATPcenitrations.

4.3 Discussion

DNA packaging into the viral capsid is a complergass consisting of initiation,
elongation and termination. It also involves ord¢reed coordination and sequential
action of multiple proteins. Recent single moleceigeriments using optical tweezers
have shed light on the mechanochemical aspectsecélbngation phase which involves
translocation of viral DNA into the viral capsid byultimeric ATPases1@4). However
due to the transient and dynamic nature of theaot®ns, it has been challenging and
cumbersome to study and quantify packaging ingraind viral assembly using bulk or
single molecule techniques. In our assay we usemtdscence from encapsidated DNA
molecules to study DNA packaging in real-time ardsiagle virus particle level.
Moreover, we used the assay to analyze the padkagwmtor assembly steps and to

Our results demonstrated that the phage T4 caraiesarry successive packaging
initiations with inactive phases separating paakgdiursts. Also, our assay uncovers the

heterogeneity in the initiation among individualtud particles, a property that is not
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evident in bulk assays. Optical tweezers experimstudying continuous packaging of a
single, long dsDNA in the T4 system have shown rgelaheterogeneity in the T4
packaging rates. Bacteriophage T4 can package DN\ the average rate of 690 bp/s
and standard deviation of 340 bp/s, reaching upO@0 bp/s (static dispersion}25).
Additionally, individual heads show variable packagrates as they package the DNA
(dynamic dispersion). In fact, it was shown that foore than 50% of T4 complexes
measured in an optical tweezers experiment, thedatd deviation of individual head’s
packaging velocity was more than two fold largeantithe expected variation from a
Poissonian steppet?5). The reason for this high variability is not knewHowever our
observed initiation pausing and the reported statid dynamic dispersion in the T4
packaging rates might have a similar underlying eoolar mechanism. Based on the
crystal structure of gpl7 it is proposed that tlitanhas several different conformational
states 119 and the observed variability might be due to pinetein getting stuck in
certain conformational state or loss of coordimaamong the subunits.

Our data combined with our previous results shaat the T4 packaging machine
is promiscuous, translocating into any head inteliate, any DNA, any number of times.
The multiple translocations may represent an eiaslaty relic of the headful packaging
mechanism. An ancient packaging machine probablyamsidated many pieces of
random DNA, which upon recombination and selectieth to the evolution of viral
genomes that fit the capsid shell.

In an infected bacterium, initiation involves fortiod of a holo-terminase
complex between the small terminase protein gpdgel terminase protein gpl7 and
DNA, followed by docking of the terminase-DNA coraplon the portal and insertion of
the end into the translocation channel. The curpeitk and single molecule methods are
not capable of measuring the timescales involvassembly and initiation. However,
using our approach it is now straightforward toedily quantify the effect of other
proteins on the overall assembly and initiationcefhcy of the packaging motor. In our
in vitro system, the wild-type packaging machine takes ahauinute to assemble and
initiate packaging even though the DNA is already and DNA, ATP and gpl7 are
present in excess.
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Binding of DNA to the motor must be accompaniedrhpid firing of motor
subunits in succession resulting in translocatibiseveral base pairs of DNA into the
portal channel. Otherwise, the bound DNA wouldsd@ate as the end is free to bind
and release rather freely. Thus packaging initiatamalogous to firing of an automobile
engine, requires rapid ATP firing of motor subursts the DNA has translocated deep
enough inside the capsid that it cannot diffuses @he very inefficient packaging
initiation efficiency for thecsS161T andhsT168Q mutants is consistent with the above
hypothesis. Our single molecule analysis showed Hignough these motors can
assemble onto the capsid, their initiation timeeseral folds longer than the wildtype
motors. Bulk biochemical assays also show thatktinastants, with a slight change in the
ATP binding pocket, are defective and exhibiting-210 fold reduced rate of ATP
hydrolysis in bulk.

4.4 Experimental Procedures
Bulk in vitro DNA Packaging

In vitro DNA packaging assays were performed bg firocedure described
earlier 114). The reaction mixture contained purified prohegotial heads, or full
heads (0.5-1x18 particles), purified full-length gp17 (1.5 mM), ciidDNA (300 ng of
50- to 766-bp ladder DNA, 100 ng of Cy3 83-bp DNe®, ng of Cy5 39-bp DNA, or 600
ng of 48.5-kb phagé DNA). Thel DNA was packaged using a buffer containing 30
mM Tris-HCI (pH 7.5), 100 mM NacCl, 3 mM MgCI2, addmM ATP. The Cy3 and Cy5
DNAs were packaged using the 5% PEG buffer as tdbestearlier {14). The packaging
reactions were terminated by the addition of DNiasand the encapsidated DNase |-
resistant DNA was released by treatment with pnaige-K and analyzed by agarose gel
electrophoresis. Each experiment included one veraé negative controls that lacked
one of the essential packaging components: heatl/,gATP, or DNA. Packaging
efficiency is defined as the number of DNA molesubackaged per the number of head

particles used in the packaging reaction.

Single Molecule Fluorescent Analysis of DNA Packaging
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Single molecule fluorescence experiments to quarmtéckaging efficiency of
different heads were performed on a wide field mrig/pe total internal reflection
microscope with a 532 laser (Coherent) for Cy3 taxicin or a 630 laser (Melles Griot)
for Cy5 excitation. Immobilized capsids were imadpda CCD camera (iXon DV 887-
Bl; Andor Technology) at 100-ms time resolutionh@émemade C++ program was used
to record and analyze the imagé®)( To minimize nonspecific surface binding, clean
guartz slides and glass cover slips were surfassimted with PEG and 3% biotinylated
PEG (Laysan Bio) (Appendix A). After assembling #tteannel, NeutrAvidin (Thermo
Scientific) was added (0.2 mg/ml), followed by ibation with biotinylated protein-G
(Rockland Immunochemicals) (25 nM) for 30 min abmotemperature. Subsequently,
polyclonal anti-T4 antibody (15 nM) was added andubated for 1 h. The packaged
heads with 83-bp Cy3 and 39- bp Cy5 DNAs were appto separate channels and
incubated for 20 min. Prior to immobilization, tlpackaging reaction mixtures were
treated with DNase | (10 mg/ml) at room temperatime about 20 h to digest any
unpackaged or nonspecifically bound Cy3 and Cy5 BNFie unbound packaged heads
were washed off, and immobilized capsids were irddgeX PEG buffer (50 mM Tris-
ClI buffer (pH 8), 5% PEG, 5 mM MgCI2, 1 mM spernmidj 1 mM putrescene, 60 mM
NaCl), and the oxygen scavenger system (0.8% dextr@d.1 mg/ml glucose oxidase,
0.02 mg/ml catalase, and 3 mM Trolox).

To monitor the real-time packaging, assembled @gicly complexes were first
prepared by mixing 0.5x1®partial heads (per slide channel), 1 uM gp17, 1 AT®yS,
and 200 nM priming DNA (120 bp dsDNA) in 1X PEG faufand incubating the mixture
for 15 minutes at room temperature (5uL per slisentber). The pre-assembled complex
(5uL) was then mixed with 15uL of T50-BSA buffer0O(InM Tris (pH 7.5), 50 mM
NaCl and 1 mg/mL BSA) and flushed into the antibadwted slide as described above.
The complex was incubated for 30 min and free cewgd were washed away with T50-
BSA buffer containing 1 mM AT¥S. The heads were imaged while packaging the DNA
in the imaging buffer; consisted of 3mM trolox, BEG buffer (above text) and the
oxygen scavenger system (0.8% dextrose, 0.1 mgludoge oxidase, 0.02 mg/mi

catalase) plus DNA and ATP at the relevant conetiotrs.
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Data Analysis

Single molecule movies were acquired and analyaduliid the single molecule
traces, using home-built software. All the subsetuenalyses were done in custom
MATLAB codes. To calculate the packaging times,ivittlal traces were examined by
eye, one by one. The packaging times (correspontinthe step-wise fluorescence
increase which lasted for more than 2 seconds) wesually selected and used for
subsequent analysis.

To compare packaging efficiencies in different dtods, the same number of
heads was immobilized in different channels with $ame incubation time. The number
of complexes used for immobilization in each cases wany orders of magnitude less
than available binding sites on the slide. Paclkggaificiency was quantified by
determining the average number of fluorescent spetsarea (70 um x 35 pum) from at

least 30 different imaging areas for each sample.
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4.5 Figures

Figure 4.1 (A) Electron microscopy of bacteriophage T4T) showing the phage head

that encapsidates its 171 kb genome, neck, tail taitdfibers. (B) Structure of the
bacteriophage T4 head. gp23* is shown in blue, 2t magenta, soc is in white, hoc

is in yellow, and the tail is in greeh3H).
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Figure 4.2 Life cycle of Bacteriophage T4108). Bacteriophage T4 completes its life
cycle from infection to release within a ~25 mindime frame. After attaching and
injecting its DNA into thek. coli, T4 hijacks the host cellular machinery to repkcas
own DNA. Simultaneously it makes copies of its stmal proteins, which then get
assembled together and make mature phages. AbButeld T4 phages are released by

lysing the infected bacteria.
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Figure 4.3 (A) Top and front views o®29 12-fold portal structure. A single subunit of
the portal ring is colored in magent2(). (C) The gpl7 crystal structure. N-Subdomain
| (amino acids 59 313; yellow), N-subdomain Il (amino acids-58 and 314 360;

green), and C-domain (amino acids 3@&864; cyan). The ATP binding pocket is
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enlarged to show the Walker A P-loop (magenta),ndoATP and adenine binding
residues (green)LlR0). (B) Structure of the dodecameric SPP1 portal)((based on the
crystal structure of the (13-mer) and crystal dtiies of the N-terminal subdomain |

(green), subdomain Il (yellow), and C-terminal dam@yan) of T4 gp1l7, fitted into the
cryo-EM density {19.
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PEG - : ‘ : Quartz
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Figure 4.4 Schematic design of the single molecule fluoreseeaxperiments. Packaging
complexes were immobilized on a polymer coatedasarfthrough specific interaction
with neutravidine, biotinylated secondary antibcalyd primary antibody against T4
capsid. The capsids were imaged in a TIRF microscBpee fluorescently labeled DNA
molecules which diffuse freely only contribute teetbackground. However if they get
packaged inside a virus head, a well-defined stesp-vincrease in the fluorescent
intensity of that spot is observed.
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Figure 4.5 Specificity of our packaging assay. (A) (left) Rresembled packaging
complexes immobilized on the slide surface beforteoducing fluorescently labeled
DNA and ATP. Only very few dim spots are visiblepspibly due to the surface
impurities. (right) 5 minutes after introducing MrCy5-lebeled DNA and 1mM ATP,

bright fluorescent spots are visible on the surfdegch spot corresponds to multiple
DNA molecules being packaged inside individual sitweads. Scale bar is 5 um. (B)
Large difference in the number of molecules pergimg area (70um x 35um) denoted
the specificity of our assay. Error bars are steshdaviation of the number of spots from
at least 30 different imaging areas. (C) DNaseeatinent of the surface only slightly
reduces the number of observed spots on the suifaceing that the fluorescent spots

are indeed coming from encapsidated DNA molecules.
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Figure 4.6 A schematic of DNA packaging by sequential assenanlgg promiscuous
assembly. The major capsid protein assembles arawswaffolding core into a prehead.
The core is removed by proteolysis to produce aptgmnexpanded prohead (A). The
unexpanded prohead normally has a round shapejnbphage T4 it has angular
geometry. The packaging motor—-DNA complex dockgportal and initiates packaging.
The prohead expands after about 10%-25% of the BN#ackaged (B). After headful
packaging, the motor cuts the concatemeric DNA disdociates from the DNA-full
head (C). The neck proteins (gpl3, gpl4, and gp$5¢mble on portal to seal off the
DNA-full head and provide a platform for tail asd#yn(D). The various colors of portal
represent different conformational states. In psmmous assembly, the packaging motor
assembles on a partial head produced by ejectiggackaged DNA (E) or a full head
(G), and refills the head with new fragments of DA] and [G]; new DNA fragments
shown in red) 131).
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Figure 4.7 Single molecule fluorescence measurements ofadfileads. Quantification
of packaging by single molecule fluorescence asgay. Fluorescence images of
immobilized T4 heads packaged with Cy3 (83-bp) DNFhe average number of
fluorescent spots per imaging area for each préparamethod is shown. (B)
Fluorescence images of immobilized T4 heads packagi Cy5 (39-bp) DNA along
with quantification. One-fourth of the 70 umx35 pmmaging area is shown in each case.
The number of fluorescence spots in more than 3iing areas was averaged in each
case. Error bars denote the standard deviatioheofrtean. (C) Typical photobleaching

profile from a single immobilized head, packagethviour Cy5-labeled DNA.
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Figure 4.8 Quantifying the effect of cofactor (A}B) or priming DNA on the successful

assembly of packaging complex.

only complexes only
Figure 4.9 Direct demonstration of interaction of DNA withetihead portal. (A) Virus
heads immobilized on the surface bind Cy5-labelddADmolecules directly. Our
controls showed that the DNA binds to the head gbofinagenta). (B) Very few
background fluorescent spots are visible before ofmfizing the heads. (C) Pre-
assembled virus complexes do not interact withXN&. The pre-assembly was done by
mixing virus head, gp17 (purple) and an unlabelechipg DNA (black). In each case 2
nM of Cy5-labeled DNA was used. The representatimages are 35umx35um. (D)
Average number of spots on the surface for thescalsewn in A, B and C. The number
of molecules in at least 30 different imaging aré&umx35um) was averaged in each

case. Error bars are the standard deviation afriden.
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Figure 4.10 Quantifying the DNA-capsid interaction. (A) Most ine DNA molecules

exhibit rapid binding, unbinding of DNA to the capgtop), while some of them show

stable binding to the capsid (bottom). (B) IncreagdDNA concentration does not change
the unbinding rate of DNA from capsid while it iraises the binding rate in a linear way.
(C) After providing gpl7 and ATP, the DNA that whsund to the capsid can get
packaged and resist DNase | digestion suggestaiglie DNA was bound to the portal.

(D) and (E) both kind of capsid-DNA interactionsosm in (A) would package DNA

efficiently upon addition of ATP, DNA and gpl7. &aae -immobilized virus heads were
incubated with 2nM Cy5-labeled DNA. While imagirgetsurface, at the time shown by

the arrow, 1ImM ATP, 2nM Cy5 DNA and 1uM gpl7 welened into the chamber and

real-time packaging was recorded.
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Figure 4.11 Monitoring packaging initiation in real-time. (A)ypical fluorescence
intensity time traces of virus heads packaging DiMAlecules one after another. The
arrow denotes when ATP and labeled DNA was flush&althe chamber. (B) The first
packaging time (time from when 4 nM DNA and 1 mM RATvere flowed in until the
first DNA got packaged) for the pre-assembled cexgd (black) and without prior pre-
assembly (1 uM gpl7 was also added along with DNA ATP) (red). Exponential
decay fit to these curves gives the packaging tohd6 sec for the pre-assembled

complexes and 60 sec for the complexes withouapsembly.
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Figure 4.12 Quantifying the packaging initiation time as adtian of ATP and DNA
concentrations. (A) Fluorescence intensity timedréor a head that is packaging Cy5
labeled DNA molecules. Step-wise increase in thensity corresponds to a new DNA
molecule being packaged while the intensity dropsespond to photobleaching of
individual DNA molecules. Each bar in the lower phdenotes the moment a new DNA
molecule is packaged. (B) Packaging initiation snfer pre-assembled complexes in 2
nM DNA and 1 mM ATP. Initiation times exhibit a dole exponential distribution. (C)
Short initiation time €5) and long initiation timet) as a function of DNA concentration
and in the presence of saturating ATP (1 mM). (Bpr$ initiation time €5 and long
initiation time @) as a function of ATP concentration and in thespree of 2nM DNA.
(E) Proposed model for packaging initiation. Paakggnotor packages DNA with the
rate k;. With a certain ratekg), the motor can transit into a paused state frdmchvit
recovers with the rate.
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Figure 4.13Quantifying the packaging efficiency using phoeaihing analysis. (A) The
photobleaching profile of a single head shows 1dtimit photobleaching steps. (B)
Normalized distribution of the number of packagetlAD molecules in heads as a
function of time. 2nM DNA and 1mM ATP was injectéato a chamber containing
surface immobilized pre-assembled packaging coneglefC) Average number of DNA
molecules per capsid after 30 min incubation wiitiecent DNA concentrations and
1mM ATP. (D) Average number of DNA molecules peatieafter 30 min incubation
with 2nM DNA and varying ATP concentrations. In baase more than 150 heads were

analyzed. Error bar is the standard deviation efrtiean.
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Figure 4.14Bulk quantification of temperature sensitive misatA) ATPase domain of
gpl7. Single mutations at S161T or T168Q resuloid sensitiveds) or heat sensitive
(hg mutants. (B) Bulk packaging assay shows that &atpre sensitive mutants are up
to 30 fold less efficient in packaging DNA. (C) Adst assay shows the temperature
sensitive mutants have 10 fold less ATPase actoatypared to wildtype gpl7.
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Figure 4.15 Single molecule quantification of temperature #eres mutants. (A)

representative fluorescence intensity time tradegiras heads, assembled with S161T
gpl7, packaging DNA molecules in real-time. Theardenotes when 1mM ATP and 4
nM Cyb5-labeled DNA were flushed into the chamb&). Number of DNase I-resistant
fluorescent spots with different preparation methd€) Both short and long packaging

times are much longer for the S161T mutant comptréide wildtype gpl7.
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Appendix A
PEGylation Procedure

One of the key requirements to do single moleclueréscence experiments on
surface tethered samples is having a good pasdigat¢ace. Biomolecules are usually
charged and can easily stick to the slide surf@mneral passivation methods such as
using bovine serum albumin (BSA) or lipid bilayare quick and straightforward to use.
However, these methods are not very reproducibdeusially result in patchy coverage
with areas of no passivation. The most efficienl aobust passivation method is to
covalently link polymer chains at high density ke tsurface. Polyethyleneglycol (PEG)
is the most common polymer used for surface passivaA good passivated surface,
when incubated with 4 nM labeled dsDNA binds léent20 molecules per 2,500 fiof
surface area. Proteins are usually more “stickyd arcubation of 5 nM labeled Rep
helicase could result in up to 100 fluorescent spar 2,500 pfn on a well passivated
surface. It is important to note that a non passivaurface would be completely covered
with fluorescent spots at that concentration oélad rep protein.

There protocol for preparing PEGylated surfacethese steps: 1- Cleaning of the
slides and coverslip, 2- Aminosilanization of thefaces and 3- PEGylating the surfaces.

Here | will discuss each step and

Slide and Coverdlips Cleaning

Impurities and dirt on the surface would inhibit@®#ation in that area and reduces
the quality of surface passivation. The purposthisfstep is to have a surface as clean as
possible. We start with the slides that have hale=ady drilled in them. Since preparing
the slides is a lengthy and cumbersome processpétter to make as many channels as
possible on each slide. Each slide can accommanbate six channels. For the recycled
slides we have to remove the tape and coversligr@ehe cleaning process. Keeping the

used slides in water for a few days would signifibahelp with that.
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1. Required: Glass beaker, razor blade, jars for hgldhe slides, Milli-Q water,
methanol, acetone, 10% Alconox, 3M KOH, quartzedidd0 mm coverslips (No.
1.5), flask.

2. Remove the tape from recycled slides. Use razahtve the edges of the slide
and remove epoxy.

3. Scrub the slides with acetone or methanol to rentbeetape residues. Use a
kimwipe to scrub resistant tape residues. The ofilthe thumb is to scrub the
slides so that no more tape is visible by eye. I§inscrub the slides with
Alconox.

4. Rinse the slides with Milli-Q water and microwawemn for 15 minutes.

5. Rinse the slides with Milli-Q and place them ingggar for sonication. Place the
coverslips in a separate jar. Start with a fewagtverslips since there is a good
chance some of them break during the preparation.

6. Sonicate the slides and coverslips in acetone@oniutes.

7. In the meantime clean a glass flask for preparmgdilanization solution in the
next step. Sonicate the flask, filled with 1 M KOfdy 30 minutes.

8. Thaw the aminosilane in dark.

9. Dump the acetone out in a proper waste containdrsamicate the slides and
coverslip in 3 M KOH for 20 minutes.

10.Rinse the flask with Milli-Q, fill it with methanchnd sonicate it for 30 minutes.

11.Rinse slides and coverslips with Milli-Q.

Aminosilanization
The purpose of this step is to link aminosilanéh®clean slide and coverslip surface. m-
PEG would covalently bind to this surface in thetrstep.

Required: Clean quartz slides and coverslips frlioenprevious step, Propane torch, glass
tips, acetic acid, Aminosilane, clean flask, PE€pdooxes.
12.Fill the jars containing the slides and coverslipgh methanol and dry the
methanol by gently blowing with nitrogen gas. Thergmse of this step is to
remove water since it can interfere with aminosdation step.
13.Burn the coverslips in the propane flame. The csligs easily deform or break
when exposed to heat so each surface of the cipgesslould not be burned more
than 2 seconds. Return the coverslips to the far bfirning.
14.Burn the slides. Quartz slides can easily withstéral propane flame. Spend
about 4 minutes to thoroughly burn the slide sw$ad hen cool the slides with a
gentle nitrogen flow and return them to the jar.
15. Prepare Aminosilanization mixture in the clearsfla50 mL methanol + 7.5 mL
acetic acid + 1.5 mL aminosilane. Use glass pipétie acetic acid and
aminosilane. Mix the solution well and pour in 8liele and coverslip jars.
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16.Incubate for 10 min then sonicate the jars for h amd incubate for another 10
min.

17.1n the meantime, prepare pegylation buffer: 84 na¢HNG; in 10 mL Milli-Q.

18. Put the aminosilane bottle in the desiccator tooxeermoisture before returning it
to -20C freezer.

PEGylation
Required: Biotin-PEG, m-PEG, Sodium bicarbonatddsuPEG assembly boxes.

19.1n the meantime, prepare pegylation buffer: 84 na¢HNG; in 10 mL Milli-Q.
While the slides are incubating with aminosilanegpare pegylation buffer: 84
mg NaHCQ in 10 mL Milli-Q.

20.Also, weight PEG powder and set it aside. For &esliuse 80 mg mPEG and 1-2
mg biotin-PEG. It is important not to add too mugiotin-PEG since it can
increase the background spots.

21.Dump out the aminosilane solution in the properterasntainer.

22.Rinse the jarsd 4 times with methanol

23.Dry the jars with gentle nitrogen blow and placenthin the assembly boxes.

24.Add 50 pL of pegylation buffer to the PEG and migliquickly by pipetting up
and down.

25. Centrifuge at 10,000 rpm for 1 min.

26. After adding the buffer, PEG starts to hydrolyzécily. It is important to do the
mixing and centrifuge steps quickly.

27.Apply 60 pL of PEG solution to each slide and tipderce the coverslip on top.
Note not to form bubbles between the slide and rstipe Try to remove bubbles
if they form. It is a good practice to PEGylate 8ane surface of the slides for
the recycled slides

28. Store the slides in a dark, flat drawer. Slides lsarkept overnight however the
best quality is achieved in 4 to 6 hours.

29.Disassemble and rinse the slides and coverslipstigbly with Milli-Q.
30.Put each slide and coverslip pair in a clean 50 tofle, with the PEGylated

surfaces facing away from each other. Store in -20C
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