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CHAPTERI

INTRODUCTION TO THE STUDY

Over the past two decades, fluorescence technology has becommlalesébol in biomedical
research. It is a dominant technology expanding to different bra¢H@elogy; for example,
biotechnology, genetic analysis, medical diagnosis, etc. This enorrataof expansion is
primarily due to its high sensitivity and ease of handling. Thisalssled to its extensive use in
molecular and cellular imaging that is very useful in detemgimumerous cellular processes

including localization of intracellular molecules even at the single miaddevel.

The Fluorescence Phenomenon: Fluorescence is a type of luminescence where a fluorophore
absorbs light (excitation) at specific wavelength (correspontirtge transition energy barrier)
and emits longer wavelength light. This emission of light occum felectronically excited
singlet states of the molecule. In the singlet state, spirorgeate completely antiparallel and
thus the total spin S=0. Electron excited from the singletrgtatate yield only the singlet
excited state which decays quickly back to the ground statengelldiorescence (Fig 1) (1, 2).
This phenomenon leads to the rapid rate of emission in fluorescencetifacally in the range
of nanoseconds. Occasionally, however, singlet excited stateetaanyerted into a triplet state
after excitation. In triplet state, the decay back to the grotetd & slow (milli seconds to
seconds) and this light yielding process is known as phospohorescentg ((F; 2). This can be
easily explained using Jablonski diagram. Jablonski diagram is o$teth in many forms to

illustrate various molecular processes that occur during absogstébamission. In this diagram,

1



S, S, S and 3 represent singlet ground, and first, second and third excited tssigtes,

respectively (bold black lines).
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Fig 1. Basic Jablonski Diagram (modified from Principles of Fluoresc&mmectroscopy, third
edition)

At each of these electronic states, electron can stay iofathe vibrational level depicted by
light black lines. Upon absorption of light by a fluorophore, electrothefmolecule transits
mostly from lowest vibrational level of the ground state and i#exk¢o other vibrational level
of excited states, 1S5S or S. From this vibrational level of excited states, electron thiexes
back to the lowest vibrational level of the écited state. This is known as Internal Conversion
and occurs in time less than™f0Sec, which is certainly before emission, which is in thgean
of nanoseconds. From this lowest vibrational level of excited statel&tron then finally
relaxes to some vibrational level of the ground stagereSulting in fluorescence emission.
Return of the electron to higher vibrational level of the ground Sateauses vibrational
structures in the emission of some fluorophores whereas othemm@othsdue to the return of

electron into the lowest vibrational level of @, 2).



In some cases, electron can also undergo a spin conversion to ttepfes state, T. This is
known as Intersystem crossing. Electron frommioves then togut at a very slow rate since

it is forbidden and this type of delayed emission is known as Phosphorescence (Fig 1) (1, 2).

Generally, the energy of emission is lower than that of absorghoather words, emission
wavelength is generally longer than the absorption wavelength.effeist is known as Stokes
Shift. One of the main reasons for Stokes Shift is internal csiovem which electron loses
some of its energy. In addition to internal conversion, energy loesatsb occur by
thermalization of extra vibrational energy (where electroaxed to higher vibrational levels
first and then relaxes to the lowest), solvent effects, exstte reactions, complex formation

and energy transfer (Fig 2).
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Fig 2. Jablonski Diagram with collisional quenching and FRET (from Principfdduorescence

Spectroscopy, third edition)

Quantum Yidd and Lifetimes. As discussed above, transition fromt& § occurs with loss of

some energy. As a result, the number of photons emitted by a fluoraphrarely equal to the



number of photons absorbed by it. This ratio of emitted photons to absorbed phdtomsn as

Quantum yield (1) and can be calculated by:

Wherel is the radiative decay rate

and K is the non-radiative decay

Before relaxing back to the ground state, the average timeth@amolecule spends in the

excited state after absorption of a photon is known as its lifetime (1, 2).\ers lgy:

1 Where" is the radiative decay rate

'+x . "
o and K, ; is the non-radiative decay

If the quantum yield of the fluorophore is 1 then lifetime of the @ipbore is known as natural

lifetime and is given by:

1 Wherel" is the radiative decay rate.

Fluorescence Techniques: In the past several years, advances in fluorescence technadoigy le
its innovative uses in various forms. These fluorescence technagaesow widely used in
determining various cellular processes. Some of the widely useadhenrce techniques are

described below:

(I) Fluorescence Anisotropy: Fluorescence anisotropy measures the rotational diffusion of a
molecule using the polarized fluorescence signal from the mole&nisotropy measurements

are typically used to measure binding interaction between modecide example, protein-



protein interactions (3), protein-DNA interactions (4) etcldbaalculates the binding constant
of these interactions. In addition, it also provides the informatioardety molecular size and

shape of the molecules.

The basic idea of anisotropy measurements is photoselectivatiexcibf fluorophores by
polarized light. Those molecules having absorption transitions alignedlepdo the electric
vector of the photons have the highest possibility of excitation (F{@)3)This distribution of

molecules excited by vertically polarized light is given by:

Whered is the angle that absorption

— 2 3
f(8)d8 = cos” Bsind6 dipole makes with Z-axis

Photoselected Randomized
fluerophores fluorophores
: Rotational “u ,
I I t diffusion
—_— el
! I~
T.
I,
L
Polarized Polorized Unpolarized
excitation emission emission

Fig 3. Effects of polarized excitation and rotational diffusion on the anisowdplyge emission

(from Principles of Fluorescence Spectroscopy, third edition)



Hence, upon excitation of molecules with polarized light, only sete@itiorophores get excited
and this results in partially polarized emission from the eddlterophores (1). Anisotropy can

be determined by:

— hi-h Where ], and [, are vertical and horizontal intensities,
I+ 21

respectively

As expected, if there is rotational diffusion between the time of absorpitbaraission, then the
anisotropy will decrease and finally reach to zero if the ddfuds very fast (1). Hence,
measurement of rotational diffusion is important in determining tektive angular
displacement of the flurophore between absorption and emission. If rotatifoaion is the

only process leading to loss of anisotropy, then anisotropy can be determinedrbgdeation

Where pis the measured anisotropyabsence
To
1+ (t/6) of any rotational diffusion andd is the

correlation time for the rotational diffusion.

Therefore, fluorescence anisotropy is sensitive to the fataational diffusion and is useful in
measuring binding interaction between molecules since rotationaisioiff decreases upon

binding interactions.

(I Fluorescence Correlation Spectroscopy: Fluorescence correlation spectroscopy (FCS) is a
widely used technique to characterize the dynamics of fluoresselgcules. It is useful in

determining processes like protein - protein interactions and raeelprocesses like endo and



exocytosis that are difficult to determine with other fluoreseetechniques (5, 6). It is based on
determining the fluorescence intensity fluctuations in a verylsshaerved volume over time.
These intensity fluctuations are bursts of photons from singleofphares diffusing in and out
of the observed volume. It requires concentration (pico to nano nafléijorophores at the
single molecule level since higher concentrations can genemaéler fluctuations and also

cause averaging of the signal (5, 6).

FCS also gets affected if the solution is too viscous sineadllitretain the molecules in the
observed volume for a longer time and there will be less intefiaitjuations (1, 5, 6). In
addition, molecules will be more prone to bleaching which can nuakeulations more
complicated. Intensity fluctuations (amplitude and speed) in the olosgoleme is basically
used to determine the correlation function (temporal correlatidng. dutocorrelation function,

normalized by average intensity squared, is given by
Where F(t) is fluorescence intensity

G'(T) _ <F(T)F(t+1)>

<F><F> at time t, F(t+) is fluorescence

intensity after a delay time

The height and position of correlation curve on time axis (Fig dél¢rmines the average

number of fluorophores and their diffusion coefficient.

‘;:- B
7
c
s
E
Time
2.5
A P -— 1,!'N
_20f
vl
45k m
1.0 ] 1 ] 1
7 10™ 10 107210 10° 10

Correlation Time (ms)



Fig 4. Fluorescence correlation spectroscopy, A. Observed volumeeBsilgtfluctuations and

C. Correlation function (from Principles of Fluorescence Spectroscopy, third edition)

Fluorescence Resonance Energy Transfer: Fluorescence Resonance Energy Transfer (FRET)
is an excited state process that occurs when emission spegtra fdfiorophore (donor) overlaps
with absorption spectra of another fluorophore (acceptor) (Fig 5)T¢is can be used in
determining the interaction between two molecules and to obtain arofidiatance between
them (7). This is very useful in determining varidusitro andin vivo cellular processes (8). In
FRET, donor does not fluoresce in order to transfer its enertyetacceptor; rather it is the
resonance between the two that transfers the energy frowotite to the acceptor (1). The
donor and acceptor remains coupled by a dipole-dipole interaction. Téet @ft FRET is

determined primarily by two factors

(i) Distance between donor and acceptor molecule

(i) Spectral overlap between emission of donor and absorption of accegtor (R

Ro is the distance at which there is 50% energy transfer between donor and acceptor.

D———>A

1 Ry
k= = (7 )
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36
™
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Fig 5. Spectral overlap for fluorescence resonance energy transferT)F®®Bm Principles of

Fluorescence Spectroscopy, third edition)

Efficiency of energy transfer (E) is calculated by intensistilhe of donor molecule in presence

and absence of acceptor molecule (1, 7, 8)

E=1-— fpa Foa & Fp and pa & 1p are
the fluorescence intensities
or and lifetimes, respectively, of

donor in presence and

£ Tpa absence of acceptor

Tp

The energy transfer efficiency can then be used to calculatelistance between donor and

acceptor since it is required when interaction between the metecsl sought. It can be

r= ROG’% 1 Where Ris the Forster distance and

E is the efficiency of energy transfer

calculated by (1, 7, 8)

Finally, rate of energy transfer is calculated by (1, 7, 8)

Where 7p is the donor lifetime in

absence of acceptor, gRis the

ke(r) = = (B2

th AT Forster distance and r is the actual

distance between donor and acceptor



Since this rate is added as a non-radiative decay rate, botliuQugield and lifetime of the
donor gets affected (1, 7, 8). Modified Jablonski diagram is depictedgir2.FiThis is an
ensemble FRET where large numbers of donor and acceptor molecules areiptbsereaction
mixture and hence react randomly. FRET calculations become marplicated when one
donor interacts with more than one acceptor or vice versa. To ovethmamnd other averaging

effects, single molecule FRET (smFRET) has been developed in the pakt.deca

FRET at Single Molecule Level (SmFRET): Single molecule FRET has gained much attention
in the past decade. This is done to avoid the averaging effelse anisemble reaction and is
much more precise (9-14). Using smFRET, several important bialogioblems have been
solved with precision at the single molecule level without comglitatfects of averaging. Most
important requirement in SMD is to immobilize the molecules orglags surface; for example,
donor molecule and then flow in the acceptor molecules. Donor only loidbabr and acceptor
molecules are then excited using donor laser or both donor acceptsr \hen both the lasers
have to be used, they are not used at the same time but usediadtgriat a short period of
time. This type of excitation is known as Alternating Laserciiation (ALEX) (15). After
excitation, emission from single donor acceptor molecules can leetedl as single molecule
trajectories (Fig 6) by imaging the immobilized moleculegotal internal reflection (TIRF)
mode using either charge coupled device (CCD camera) or alalgrwotodiode (APD)

detectors (14).

High FRET {(close proxamity of dyeas)

Low FRET (distant dyes)

R, Accepto

0 20 40 &0 BO 100
RiA)
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Fig 6. SmFRET description, A. FRET efficiency E as a functionesfdge distance (R) for aoR
=50 A. At R = R, E = 0.5, but at smaller distance, E >0.5 and vice versa. B. Two colBTFR
data, upper panel: donor acceptor intensities, bottom: Apparent FRET effidaluyated from

donor-acceptor intensities above (from Roy, R et al, Nature Methods, June 2008)

Special confocal optics is required for this process of singlecmeld=RET or detection. A

schematic is shown below for smFRET spectroscopy using TIRF based mpyr¢ba 7) (14).
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Fig 7. Schematic of sSmFRET spectroscopy. A. TIR excitation and sRBIE &mission detection.
Tethered single molecules either excited by PTIR or OTIR. &gence is collected using
objective. The collimated image is split into donor and acceptor emissions and imaged siée by sid

on CCD camera (from Roy, R et al, Nature Methods, June 2008).

From the recorded intensity traces of donor and acceptor moleauage intensities from all

donors and acceptor molecules are calculated and apparent FRET efiigiesicylated by (14)

Where § and |l are donor and acceptor
Eapp = 1a/(Iy + Ip) intensity, respectively with donor

excitation

Actual FRET efficiency is then calculated by determiningdiwsstalk and background in both
the channels, and differences in quantum yield and detection effidietween the donor and

acceptor molecules. Actual FRET efficiency is then given by (14)

Where b and |y are donor and acceptor

-1 . . . .
1
E = [1 > )/] intensity, respectively with  donor
Ta=XxIp
excitation. X is cross talk of donor into
acceptor channel ang accounts for the
difference in quantum yield and detection

efficiency between donor and acceptor

molecules.

12



y factor can be calculated by Where 41, and 4lp are change in
acceptor and donor fluorescence
v = Aly/Alp intensities upon acceptor

photobleaching and change in FRET

value

Very important factor while performing smFRET is photostabiliiy donor and acceptor
molecules. Since higher laser powers are used in SMFRET, intom@syuire enough number of
photons from single donor and acceptor molecules, dyes tend to photobleaclkil&sl7). In
order to improve photostability, both selections of dyes and enzyroajigen-scavenging
system (glucose oxidase, catalase $A0 glucose) with triplet state quencher Trolox is
important. Oxygen scavenging system sequesters oxygen irattimnemixture and prevents its
reaction with fluorophores in their excited states and trolox quenbbdsiplet state formation
in the fluorophore; thus preventing photobleaching and photoblinking respectiuegyntum
dots are preferable in certain cases since they are very @id¢osbmpared to other organic
dyes but their irregular photoblinking is a big concern in smFRB]Y. Metal surfaces have also
been in use since last decade as they improve photostabilityosbghores by reducing the
lifetime of the fluorophore and increasing the rate of electetaxation from excited to ground

state (19).

Metal Enhanced Fluorescence: As discussed above, single molecule detection needs higher
laser powers to collect enough number of photons which causes rapid paoatd of the dyes
due to low intensity and poor photostability of the organic dyes (16]Jri&pdition to this they

also show strong photoblinking effect. Therefore, there is the neddidgbiter photo stable dyes

13



with minimum blinking to improve single molecule studies. Quantum dets #hought to be an
alternative since they are very bright and photostable. Howeveaudecof their strong
photoblinking, they cannot be used in single molecule studies espsodtRET (18). Utilizing
the surface plasmons of noble metals to engineer the spectraltigopéthe fluorophores and
enhance their fluorescence is another approach that could be usedaeeirt@ fluorescence
intensity, photostability and photoblinking (19). This alteration in the propertiefiuairaphore,
in presence of metal particles, occurs mainly due to two phenomenistss khe presence of
localized enhanced electromagnetic field and second is radiattay @éagineering due to the
presence of metallic particles (20-22). Localized enhancedateagnetic field results in strong
excitation of the fluorophores. Radiative decay engineering dfiubephores occurs due to the
coupling interaction of the excited fluorophore with the nearby rpatéicles where fluorophore
act as an oscillating dipole causing resonance with me&#itrons (20-22). This interaction
increases the radiative rate of the fluorescence due to unknowrammeuhand makes the
fluorophore brighter. This phenomenon is defined as metal enhance dermcegMEF). If the
fluorophores are very close (>5nm) to the metal particles, thessults in the quenching of

fluorescence (Fig 8).

Fig 8. Effect of metallic silver particles on surface bound fluaestabeled human serum
albumin. Left, no silver and right with silver particles (from Prples of Fluorescence

Spectroscopy, third editio



In addition to increased fluorescence emission, this metal-fluoropfiteraction also causes a
number of beneficial effects, such as increase in quantum yieldleordase in lifetime (1).

Decrease in lifetime in turn causes increase in photosyasitite fluorophores have to stay in
the excited state for a shorter period of time and hencgilebability of getting photobleached

(Fig 9) (23, 24).

Light efficiently couplesin Reciprocity
—stronger EM field — light efficiently couples out
—stronger excitation —shorter lifetimes

Q\ ® O9

Fluorophore

_B‘ N ST - S Og{y‘ﬁy ....... Q

Quartz

Fig 9. Schematic of effects of silver particles on fluorophores (Rantiples of Fluorescence

Spectroscopy, second edition)

Since radiative rate of the fluorophore gets altered by thal+fh@orophore interaction, quantum

yield and lifetime also gets affected and is now given by (1)

T+ Ty I is the radiative rate andy, is
'+ T'm+ Xnr

Qm =
increase in radiative rate due to

Ty = ([+ Ty + Kpp) L
the metal particles. K is the

non-radiative decay rate.

15



Jablonski diagram will now show an extra radiative rate decayaoemt [',) and an extra

excitation component (Em) due to metal particles (Fig 10) (1)

No metal
] \
E
r Knr
With metal
y \
E Em ‘

r ‘r;n km |knr

Fig 10. Jablonski diagram without (top) and with (bottom) the effects ofmetal particles. k
is additional excitation in presence of metal particles (from Ppies of Fluorescence

Spectroscopy, third edition)

Biological Model: We have used protein synthesis machinery in our study. This machinery
involves a lot of molecules; messenger RNA (mMRNA), transfeARIRNA), ribosomes with
initiation and elongation factors. First three molecules are exqualan details below whereas the

initiation factors and elongation factors have been explained in brief later.

Messenger RNA (MRNA): Messenger RNAs are single stranded molecules that atieesyzed
by transcription of genomic DNA by RNA polymerases (25, 26). Theexe special features to
attach with ribosomes and get decoded into the proteins, the functiodatpof central dogma.
Eukaryotic mMRNA molecules are monocistronic, with a few exoaptibut prokaryotic mRNA
molecules are mostly polycistronic so as to save resources reangyeand lengthen their
lifespan.

16



Polycistronic mRNAs are single mRNA molecules that can gk more than one protein.
Unlike alternate splicing, where single mRNA is shuffled to rgtively different proteins,
polycistronic mMRNA molecules contain different messages, fderdiit proteins, transcribed
together. A well known example of polycistronic mMRNA is Lac operd®NA of E.Coli. Lac
operon polycistronic mMRNA is 5300 ribonucleotides long and contains messagdifferent
proteins, B-Galactosidase (z), Permease (y) and Acetylag25)a Messenger RNA molecules
have precise points of start and stop and all messages in polycistiBNA have these start
and stop signals for each of its message. Start signal ywéaalla purine rich sequence that is
complimentary to pyrimidine rich sequence of 16s RNA of ribosornge XE) known as Shine

Dalgarno (SD) sequence (25, 26).

Message for Shine-Dalgarno Sequence
SD sequence Start
Ribosomal protein L10 & (SIS A :r;cnamc uAAUGESE > mRMA

|
¥ AUUCCUCCA 5 Complamantary 3
and of 165 ribosomal RNA,

E. coli lacz 5' Mﬁnﬁucnmu AUGHEE &
3 | AUUCCUCCA 5

A phage Cro sﬁﬁﬁﬁﬂ-ﬁ??uau AUGHEES 3
AUUCCUCCA 5

Fig 11. Shine Dalgarno sequences and their complementary sequence on 16S rilkNémal

(from Biochemistry by Mathews, third edition).

This sequence helps mMRNA to get aligned into the ribosome enablingbtis®me to start
synthesizing protein from the correct site of mMRNA efficignilhis sequence provides a level of

regulation of gene expression since minor difference in the seguesalts in increase or
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decrease in gene expression; for example, B-Galactosidastagsiated more than permease
and acetylase due to differences in their SD sequences (Hig5126). Some mRNA molecules
also regulate the gene expression by having secondary/tettiacyures at their 5’ ends and thus
either does not get translated efficiently or change the ahttheir degradation by mRNA

degrading enzymes like AUF 1 (27).

lac promaoler and operalorn

Template  EarE —_— -
e o 3 [EFEL z 1] ¥y Il a I s

Transcription
slop

Open reading frames.

)
[28-31) (3151-3156)

ystop sD a start

Fig 12. The lac operon gene and its transcript. Each gene in this polycstrdRINA is flanked

by start, stop and SD sequence (from Biochemistry by Mathews, third edition).

Transfer RNA (tRNA): Transfer RNA molecules serve as the adaptor, a molecule tiis hol
amino acid at its one end (3’ end) and recognizes anticodon by itsath¢éanticodon loop) and
helps in decoding of the mMRNA message. First tRNA molecule teeljeenced was tRNA
alanine from yeast by Robert Holley in 1965. All tRNA molecudes folded in cloverleaf
pattern and have similar structural pattern. This is becaus# #tlem have to interact with
ribosomes, MRNAs and elongation factors in a similar way in dodeeduce the number of

molecules they interact (25, 26). For, example, if they have diffstauctures then they all need
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different enzymes to charge them. Also, they all would not be alfieA, P and E sites of the
same ribosomes and that makes protein synthesis impossibl&MA molecules thus have

common structural features cited below (25, 26):

(i) All tRNA molecules are of similar size (~25 Kd) and contain between 7386ucleotides.

(i) They also contain bases other than A, U, G and C. For exathghg,all have inosine,
pseudouridine, dihydrouridine, ribothymidine, and methylated and phosphorytated bf

bases.

(i) These modifications are performed by certain enzymes amd very important in
maintaining tertiary structure of tRNA molecules. For exanpll these modified bases are
found at unstructured part of the tRNA molecules, which means thegnrthe formation of
unnecessary structures and deformity. Methylation, for examplejdpsothe hydrophobic
character to certain parts of the tRNAs that are importathiein interaction with ribosomes and

synthetases.

(iv) The 5’ terminal of all the tRNA molecules is phoshorylated the 3’ is hydroxylated. The

3’ end has conserved sequence of CCA.

(v) Anticodon is always flanked by 2 pyrimidines at 5’end and by oodifrad purine and other

variable base at 3’ end (Py-Py-Anticodon-Modified Purine-X).

(vi) They are L-shaped molecules; usually having two segmerdsudile helix. These helical

segments are perpendicular to each other thus providing the L-shape to thder(flg 13).
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(vii) To stabilize the molecules, most of the non helical bases ftinusual hydrogen bonding
interactions, with the help of their 2’0OH, that are not compliment@®, AA etc). Moreover,

base stacking plays a major role in providing stability to these structugesA)-i

(viii) In contrast, some part of the molecules do not have strdegactions with each other (for
ex: CCA terminus and adjacent helical region). This is to profledébility to that part of the
molecule so that it can fit easily in the active site wfitlsetases and E, P, and A site of the

ribosomes.

(ix) Amino acid binding site and anticodon loop are at the opposite ehe ¢iRNA molecules,

approximately (~80 A) apart.

(x) Multiple tRNA molecules are synthesized as a single RN@ precursor and then cleaved

by ribonucleases (Fig 15).

.- QMinG acyl aceeptor arm
.

anticedon loop
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Fig 13. L- shaped structure of tRNA showing helical segments, Fig 14. Nonroentply base
pairing between two purines (A and G), and Fig 15. Precursor molecule oipl@uRNA

molecules showing cleavage site of ribozyme.

Ribosomes:. In protein synthesis, a series of codons on mRNA direct the symtbiethe protein
chain. In addition to the two molecules of machinery described abdwdlArand tRNA), this
process involves another molecule, ribosome, on which this process tages Rilaosome
manages the movement of tRNA and mRNA with high speed and act¢hedidg much needed
for this process. Ribosomes are complicated ribonucleoprotein maenake up of 2 subunits
(25, 26). These subunits are 30S and 50S in bacteria that associate {00&ir 50S subunit
contains 23S and 5S rRNA and 31 different proteins whereas 30S subutfit BaRNA and 21
protein molecules (Fig 16) (25, 26). These RNA molecules form doulmhsiructures that
are supported by ribosomal proteins. These structures are higtdgreed and even found to
have compensatory mutations to maintain base pairing and caidiogf(25). Both 30S and
50S subunits have 3 binding sites for tRNA molecules; A site (amyho® site (peptidyl) and
E site (exit). A site is the site of entry for incomingimaoacylated tRNA molecules, P site holds
the peptidyl tRNA and E site holds the deacylated tRNA molechédsre they leave the

ribosomes (25, 26). The 30S subunit holds both mRNA and tRNA molecules amtbmihe
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base pairing between codon and anticodon, providing fidelity to the prddes 50S subunit, on
the other hand holds 3’end of the tRNA molecule and catalyzes peptidédooradion between
the peptide chain on P site tRNA and newly entered amino adn@ iA site (25, 26). Both 50S
and 30S subunits then help in translocation of tRNA and mRNA prga@sel codon at a time.
This translocation also involves other protein factors, some of the@EPases activated by the

ribosome.

505 235 rRMNA
subunit *
TOS rbosomme 21 proteins
305 165 rRMNA

Fig 16. RNA and protein components of a 70S prokaryotic ribosome (from Biochenyist

Mathews, third edition).

This biological process has been determined in 1960’'s and 70’s butodthe lack of
sophisticated molecular tools, mechanistic details could not be deterniHowever, in the last
two decades, rapid and qualitative progress has been made irditiédo the development of
various approaches in different fields, for example; single maedeatection, single particle
reconstruction techniques, combined with cryoelectron microscopy EM), crystallography,
etc (28). Due to these developments and efforts, atomic structuitesth subunits and 5.5 A
resolution molecular model of entire bacterial ribosome (Fig 1§ pkan determined (28a). For
determining the entire ribosome structure with mRNA and tRNA cotds in addition to other
factors, Drs Venkatraman Ramakrishnan, Thomas A. Steitz and Adaortathy have been

awarded Nobel Prize in Chemistry in 2009.
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Fig 17. Crystal structure of ribosome, A shows two views of 70S ribosomplexed with
MRNA and tRNA, B is exploded view of 50S and 30S subunits showing A, P antREIAIt

molecules (V Ramakrishnan, Cell, Feb 2002).

Crystal Structure: After many years of effort; the first high resolution 2.4 tAusture of 50S
subunit from archaeaHRoloarcula marismortuiiwas determined in 2000 (29). This structure

shows a very important feature of ribosome, peptidyl transfe@ster. But at this resolution,
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several important structures such as L1 stalk, L11-RNA regidn_&@/L12 stalk appeared to be
disordered. Despite these deformities, this structure is of inmmertaince it shows water
molecules, metal ions and base modifications with sufficient réso)wvhich are very crucial in
understanding the stability and folding of ribosome and orientatioRMAtmolecules in the
ribosomes. In 2001, 3.1 A resolution structure of 50S subunit Bemococcus radioduarans
had been reported (30). This structure was similar to the oneHaboarcula but also has some
of the structures that were disordered in the previous structwe.independent studies have
determined the 30S subunit structure in the same year 2000. Or3sfatesolution (31) and
the other is at 3.05 A resolution (32). This 3.05 A resolution structutreeisomplete atomic
model of 30S subunit. These structures helped in studying the imdasaot antibiotics (33) and
other functional ligands and factors with the subunits. In 2001, 70S ribosdeAresolution
have been reported that was based on the model of RNA and protein backb0feanfd 30S

subunits structures described above (34).

This 70S ribosome structure was a complex with mRNA and tRNAauige in P and E sites.
There is another 70S ribosome structure reported at almosirtieetsne with 6.5 A resolution
having all the A site, P site and E site t RNA molecules. Bhigcture lost some of the
diffraction but shows relative orientation of these tRNA molecitethe ribosome. The 70S

structure with and without mMRNA molecule has also been determined (34).

Trangation: Protein synthesis occurs in amino to carboxyl terminal directiomd®MA is read
from 5’ to 3’ direction and amino acids are added sequentiallyetearboxy terminal end of the
growing peptide chain (25, 26). These amino acids are brought ianbgoacyl tRNA

molecules, which are modified with amino acids at their 3'OH erlds Todification is
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catalyzed by enzyme aminoacyl-tRNA synthetases. This ste@ry important since it is a

proofreading step (25, 26).

Protein synthesis includes three steps; Initiation, elongation amih#gion. Initiation begins
with the formation of ribosome around the first codon (AUG or GUG) RNA. This
association of 30S subunit around the first codon is mediated by omti@ictors, IF1, IF2 and
IF3. First, purine rich sequence on mRNA (SD Sequence) is recdgoyz&6S rRNA of 30S
subunit. This subunit contains all the initiation factors. IF3 is ptese the interface (found in
cryo EM studies but not in crystallography) in the E site (28).i#present in the A site and
increases the binding affinity of IF2 which then binds over IF1 in tis#téd IF2 is the binding
partner of fMet-tRNA"® (25, 26), IF3 helps in this selection of initiator tRNA by destzibil
any other tRNA in the P site (35). Once initiator tRNA bindghe P site of the ribosome,
initiation factors start falling off and let 50S subunit bind and fentire 70S ribosome. This is
now known as 70S initiation complex which is ready for elongation fiMgt-tRNA™®" in the P

site and empty A and E site.

Elongation of peptide has three basic steps, peptide bond formation,atelangand
translocation (Fig 18). Since A site of the 70S initiation com@empty, new aminoacyl tRNA
is delivered to it as a ternary complex with elongation facto{HF-Tu), a GTPase, and GTP.
Codon and anticodon interaction occurs in the A site and correct paianges the
conformational changes in the ribosome that triggers hydrolysisTét by EF-Tu (28). This
leads to the release of EF-Tu from the A site. Proofreadingr®@t this point to check if the
base pairing is correct or not. This is most likely based ondhfornational changes that are
produced by correct pairing. Correct pairing induces the flippingon$erved purine bases in

16s RNA of 30S subunit and these flipped bases (A1492, A1493 and G530 (from syh to a
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conformation)) now interact with the minor groove of first two basiethe codon-anticodon
bases (Fig 19) (36). This conformation leads to the conformationalgesan EF-Tu and
probably also in E site of the ribosome (36). As a result, ERyfinolyzes the GTP and releases
from the ribosome due to its low affinity now. Also, E site dedeglaRNA leaves the ribosome
as a result of these conformational changes. Immediatelythéerelease of EF-Tu, 3’ end of
tRNA swings into the peptidyl center of the 50S subunit. This is@tl by the peptide bond
formation between the carboxyl group of P site tRNA amino acidaamdo group of A site
tRNA amino acid. It is clear from crystal structure of SBunit with Yarus inhibitor that this

reaction is catalyzed by 23S

A L
1. Initial selection 2. Proofreading
& tRNA rejection
(start over)
EP A Codon Actlvatlon of Accommodatlon
recognition GTPase hydr0|y5|s
J
Next
Peptidyl EF-G. GTP GTP EF G
Transferase Binding hydrolysis Transtocatlon Release

Fig 18. Overview of elongation cycle (V Ramakrishnan, Cell, Feb 2002).

RNA of peptidyl center of 50S subunit (29). This reaction is thermadigadly favorable and
the catalysis occurs due to the suitable environment that is provided by thrediin@apsecise
orientation of A site and P site tRNA’s CCA ends close tdlljigonserved A and P loops of

23S RNA, (ii) by transition state stablilization, and (iii) Biyect involvement of two purines,
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A2451 and G2447 in acid base catalysis that is required for thaored87). The crystal
structure showed that A2451 is just 3 A away from the AtBiINA amino acid and presumably
hydrogen bonded with the A site tRNA (38). This residue needs to benptetl in order to
make this hydrogen bond, leading to the proposal that it could acodph from amino group
of A site tRNA and donates it to 2’0OH group of P Site tRNA. Thatjposof A2451 is found
consistent in several substrate bound crystal structure of 50S suliniiugation of it results in
a dominant-lethal phenotype (39). Following peptidyl transferateity, P site has deacylated
tRNA and A site has tRNA with one additional amino acid. In tomadion, this P site
deacylated tRNA moves to the E site and A site tRNA with peptide moves into the P site
preparing ribosomes for a new round of elongation. This movementlgtatisn) is a two step
process, where 50S subunit moves first followed by 30S subunit moventaatdame direction
(40). This makes tRNA's in A and P site to remain in hybritestéA site tRNA’s CCA terminal
in P site of 50S and A site of 30S, A/P hybrid state, and PRi#&’s CCA in E site of 50S and
P site of 30S, P/E hybrid state) for a short time until 30S sulmowes (Fig 20). These states

have been proved by footprinting experiments (41).

Q
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Fig 19. Codon-anticodon (Blue-Gold) Fig 20. Translocation model as proposed by
base pairing. Critical bases of 16S Moazed and Noller, 1989 (V Ramakrishne
RNA (Magenta) that stabilizes tRNA- Cell, Feb 2002).

MRNA complex (V Ramakrishnan, Cell,

Feb 2002)

These experiments have also shown that EF-Tu bound amino acyl tRINA A site is also in a
hybrid state T/A (T is the testing site), it is only afterse pairing and EF-Tu release that it
comes in A/A state. This translocation results in the ribosomenaéacylated tRNA in the E

site, peptidyl tRNA in the P site and empty A site for a new round of elongation.

The last and final step of translation is termination. Ternonaticcurs when ribosomal A site
reaches to one of the three termination codons on mRNA; UAA, UAGGH. In bacteria,
class | release factor recognizes these codons; for ex,eRBdnizes UAA and UAG and RF2
recognizes UAA and UGA codons. Once release factors occupy stie éf the ribosome, class
Il release factor RF3, a GTPase, forms the complex with RR2ZL/RF1/RF2 then causes
hydrolysis and peptide chain release from the P site tRNA I(28)not known if this hydrolysis
is catalyzed by release factors or by conformation changbe iribosome itself. This hydrolysis
and peptide chain release then induces GTP binding to the RF3 and sothgequecases
affinity of RF3 to the ribosome and releases RF1/RF2. GTP hwilsdlyen leads to the release
of RF3 due to decrease in its affinity to the ribosome. Entirdhamesm of how exactly release
factors recognize the codon in the A site and what conformatwraiges this recognition

causes to induce hydrolysis and peptide chain release is not yet known completely.
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CHAPTERIII

MATERIALSAND METHODS

Small and Large Colloids: Small and large colloids were prepared according to ref 42 wit
slight modifications. Trisodium citrate (2 ml at 34 mM) was addepwise to a stirred solution
of AgNO;s (100 ml at 1 mM) at 90 °C. The reaction mixture was heated+8®0C, and stirring
was continued for 15 min or until the reaction mixture turned palewekor large colloids, the
trisodium citrate was added in 4 aliquots of 0.5 ml each every A5Te resulting mixture was
then incubated in an ice bath for 15-20 min. The small and largedsollare then purified by
centrifugation three times at 8000 and 3500 rpm respectively fon @ach time; the precipitate

was then suspended in 1 ml of 1 mM trisodium citrate.

Buffers: All single molecule experiments were carried out in TAMuffer (20 mM Tris-HCI
(pH 7.5), 15 mM Mg(OAg), 30 mM NHCI, 70 mM KCI, 0.75 mM EDTA, 1 mM DTT, and
0.2% (w/v) Tween 20). A deoxygenation enzyme system of 3 mg/lutoge, 100 pg/mL
glucose oxidase (Sigma-Aldrich), 4@/ml catalase (Roche), and 1.5 mM 6-hydroxy-2,5,7,8-
tetramethyl-chromane-2-carboxylic acid (Trolox, Sigma-Aldyichitially dissolved at 150 mM

in DMSO, was added during single-molecule measurements to dechglastobleaching and

photoblinking.

Proteins. Double variant of L11, C38S/S87C was prepared as described in reB83/S87C-
L11 was purified on a Ni-NTA column and then purified again essentmlhomogeneityn a

MonoS™ (5/50 GL) FPLC column (in buffer B with a linear gradient of 2@00 mM NHCI).
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Labeling of C38S/S87C-L11 with Cy3 was then performed by adding 56f 0 mM Cy3-
maleimide DMF, to C38S/S87C-L11 (in buffer C, 50 mM Tris-HCI pH 7.5, ddd NH,CI)
with continuous stirring. The mixture was incubated at 37°C for 1 hour, and quenché&dudit
of 14.3 M BME. Excess dye was removed via gel filtration on a Sepl@®5 column, and the
labeled protein was stored in buffer D (20 mM HEPES (pH 7.6), 400 Mk\CI, 20 mM
MgCl,, 1 mM EDTA, 1mM DTT). Typical Cy3/L11 ratios were 0.9 + 0G3/3 was measured

by absorbance at 550 nm and L11 was determined using the corrected Bradipid&ss

Ribosomes; 70S™* ribosomes were prepared by incubating a 2-fold molar exa#s
C38S/S87C-L19° with 2 pM AM77 ribosomes lacking L11, in buffer E [50 mM Tris-H@H
7.5), 70 mM NHCI 30 mM KCI, 20 mM MgC}, 1 mM DTT] for 15 minutes at 37°C (43, 44).
Excess dye was then removed by centrifugation (400,000g, Sorvediviery M120SE) through
a sucrose cushion (1.1 M sucrose in buffer E) at 4 °C for 40 miryueéding a ribosome pellet

with Cy3/ribosome ratio of 0.8:1.0.

tRNAs. fMet-tRNAM(Cy5), Arg-tRNAV(Cy3), Arg-tRNAYI(Cy5), and Phe-tRNA{Cy5)

were prepared using the reduction, charging, and labeling protesudribed in ref 45.
Separations of fMet-tRNX® from tRNA™®" and Phe-tRNA™ from tRNA™"were achieved by
reversed-phase HPLC using a LiChrospher WP-300 RP-18 (5um) columidr(2bp (Merck

KGaA-Darmstadt). The tRNA mixture was dissolved in buffer A5 i@ ammonium acetate
[pH 5.0], 10 mM magnesium acetate, and 400 mM NaCl) and applied tollran equilibrated
with buffer A5. Poly A was eluted with a linear gradieftouffer A5 to 20% buffer B5 (Buffer
A plus 30% [v/v] ethanol). tRNAs were eluted by a linear gradrem 20% buffer B5 to 40%
buffer B5. The same column was used to separate PheXRN6) from unlabeled Phe-

tRNAP™ and Arg-tRNA"(Cy3) or Arg-tRNA9(Cy5) from unlabeled Arg-tRNAC. Here the
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tRNA mixture is dissolved in buffer A6.5 (same as A5 but adjusiguH 6.5), applied to the
column equilibrated with buffer A6.5 and eluted by a linear gradremt buffer A6.5 to 100%
buffer B6.5 (same as B5 but adjusted to pH 6.5). fMet-tRRiEy5) was purified in a similar
fashion, but using buffers A5 and B5 to optimize the recovered chastprapiometry. Partial
resolution of Arg-tRNA"™ from tRNA*® was achieved by FPLC (MonoQ) (45), which also

removed polyA.

MRNA: The following mRNAs, purchased from Dharmacon, were used. mRNAiobi
labeled- GGG AAU UCA AAA AUU UAA AAG UUA AUA AGG AUA CAU ACU AUG
CGU UUC UUC CGU UUC UAU CGU UUC The underlined sequence is a strong Shine-

Dalgarno region and italized sequence codes for MRFFRFYRF.

Complex Formation: 70S initiation complex was formed by incubating 1 uM 70S ribosdme
UM 5’-biotinylated mRNA, 1.5 uM each of IF1, IF2, IF3 and fMet-tRKFA and 1mM GTP in
TAM 15 buffer for 25 min at 37 °C. Ternary complex was formed by iatob 4 uM EF-Tu, 2
MM dye-labeled and charged tRNA, 3 mM GTP, 1.3 mM phosphoenolpyruvatéd amgiL

pyruvate kinase in TAM buffer for 15 min at 37 °C.

Immobilization Method: Pre-cleaned glass coverslips (Fisher Scientific) werm@sianized

by 3-aminopropyltriethoxysilane (United Chemical Technologies,). Colloids were then
reacted with the aminosilane surface for 3 hr. Ag group of theidal particles react with free
NH> group of aminosilane that is covalently bound to the glass surface. Collov@askps were
then incubated with polyethylene glycol (PEG, Laysan Bio, tunéx of 5000 MW PEG-
succinimidyl valerate and biotin-PEG-succinimidyl valerate aatmolar ratio of 100:1

unbiotinylated:biotinylated PEG) for 3 hr. The following solutiomere applied for 3 min
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followed by a wash with TAN; buffer. Streptavidin solution (0.5 mg/mL), biotinylated
initiation complex solution (1-10 nM), and lastly EF-Tu/tRNA tegneomplex (10 nM) to form
an immobilized initiation (pre-translocation) complex. The transiocaeaction was started by

injecting 2 uM EF-G and 3 mM GTP. All single molecule studies were carried 2ut°€.

Fluorescence intensity, FRET, and function of ribosomes were cethpar slides containing
colloidal silver particles as above with corresponding measursnmntidentically prepared
slides except the colloids were not applied. In the text, thesshvithout colloids are termed

“plain glass” but all of the layers except the colloids were the same.

TIRF measurements on immobilized ribosomes: A custom-built objective-type total internal
reflection fluorescence (TIRF) microscope was based on a comamareerted microscope
(Eclipse Ti, Nikon) with a 1.49 N.A. 100x oil immersion objective (AP&H; Nikon, Tokyo,

Japan). Direct excitation (for fluorescence enhancement exg@s) or Alternating-Laser
EXcitation (ALEX) (46) (for FRET in activity assays) waused with a 532 nm laser
(CrystaLaser, Inc.) and a 640 nm laser (Coherent, Inc.) to obtaira@y3y5 fluorescence
intensities, and the FRET signal between Cy3 and Cy5. Fluoreseemssion from Cy3 and
Cy5 were separated by a Quad View splitter (Photomefriocsson, AZ) and recorded with an
electron multiplying charge-coupled device (EM-CCD) camera dé&bes Il, Photometrics) at

100 ms integration time.

For recording, several areas of 50 x 5@ each were scanned from different slide chambers.
Single molecules were then selected on the basis of singletstéobleaching to avoid colloidal
luminescence and intensities were calculated by fitting tleasity distribution to 2D Gaussian

profiles within a 9 x 9 pixel area
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_<(x—xo)2+(y—yo)> Eauation 1
fOoy) =Ae \ 2 !

where,A is the amplitudexo, Yo is the center and, o, are thex andy standard deviations of the
intensity distribution. The total number of camera digitizer unithe image (the intensity) was
calculated ad = 2nA oy, oy For fluorescence enhancement studies, intensities were then
converted into number of photons using camera gain that was measuf@@Docamera by
procedure described in the next section. For FRET measurementsijtynteaces were directly

used and the FRET efficiency was calculated using equation 2

-1
E= (1+I—D;/j Equation 2
A

wherelp is fluorescence intensity of dondg, is fluorescence intensity of acceptgrs cross-
talk of donor into acceptor channel, apdccounts for the differences in quantum yield and
detection efficiency between the donor and the acceptsrcalculated as the ratio of change in
the acceptor intensitpla to change in the donor intensitMp upon acceptor photobleaching or

change of FRET efficiency EAla /Alp) (47, 48).

Camera gain measurement: The gain of the EM-CCD camera was measured in order to
calculate the conversion factor relating the spot intensitidsetmumber of collected photons.
Measured pixel intensity is related to the number of photohs,by A= Q N C/ B whereQ =
guantum vyield of the camera detect@r,= gain (output current/input current) of the camera
electron multiplier, and = number of electrons (after the cascade amplifier) convesteddh

digital intensity unit (ADUs).B is often termed “Gain” in EM-CCD camera literature. The
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variance Y) of a pixel intensity is given by = 2 Q N C / B, where the factor of 2 is an
approximation of the excess noise introduced by the cascade ampldlaes of variance and
intensities were obtained by measuring pixel intensities aver with a stable light source, or
from successive difference images. Plotsvois. A were linear with slopeM/ A =2C / B)
corresponding t&€ / B = 70 at the experimental cascade amplifier setting. TaRiag 0.9 from
the camera specifications, the ratio of pixel output signal tdoeurof collected photons is thus

63.

Hammy: The Hidden Markov Model based software HaMMy (49) was used to antdigze
FRET traces. The software was set to look for two FREEstdihe traces with only one FRET
state were considered to be stable traces, whereas the wabesvo FRET states were
considered to be fluctuating traces. Dwell times of high and IBETFof fluctuating traces

were calculated by HaMMy and fitted to a bi-exponential curve:

P=Aexplkt)+ A explkt Equation 3

AFM: An atomic force microscope (MFP 3D-BIO Model, Asylum Researf) Wwas used to
characterize the size of colloidal silver particles. Silvetigdas were prepared and deposited as
described above and dry sample imaging was performed in tapping @wod&C 240TS
cantilever with resonant frequency ~60 kHz was used. The AFMnsys#es integrated with an
inverted objective-type TIRF microscope similar to the instntnaescribed earlier, based on a

Nikon Eclipse Ti platform and a 1.49 N.A 100x (Apo TIRF; Nikon, Inc.) ialmersion
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objective. For data analysis of the AFM images, we used IgaeebIFP 3D and ARgyle Light

softwares.
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CHAPTERII1I

SPECIFIC AIMS

Fluorescence technology is applicable to a wide variety of bumAbgresearch and
medical/clinical diagnostic questions (1, 2). In the last decadglesmolecule fluorescence
(SMF) detection has been developed to selectively address indivithiatules in order to
detect processes that are hidden in ensemble measurements and to avgitgeekeats (9-14).
SMF has been used to study many molecules involved in cellularspescéncluding the
motions of molecular motors (50-54), transcription (55, 56), and translgt®n57, 58). In
single molecule fluorescence studies of localization or oriemtathe target macromolecule is
labeled with an organic fluorophore, such as rhodamine, cyanine dya,semiconductor
guantum dot (QD), or ligated to a variant of green fluorescent pr@@8i61). For distance
measurements and dynamics, these probes are often used in.galty3eand Cy5) that exhibit

distance-dependent Forster Resonance Energy Transfer (FRET).

However, low emission intensity, fluctuations and photobleaching ohmrdlaorophores and
fluorescent proteins often limit the signal-to-noise characteristi&VIF measurements (16, 17).
The local environment of the probe on the macromolecule, the imagifgy and its oxygen
content, and the illumination intensity all strongly influence phobagta Stronger illumination
increases fluorescence intensity usually with a proportional waoigenfi the photobleaching

rate.
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Compared to the nanosecond timescale of photophysical reactions, ncoadsed millisecond
enzymatic processes are slow. For example; the peptide elongatierasiolg protein synthesis
occurs at the rate of 3-6 amino acids per ribosome per sacorith (62) and 20 per secomal
vivo (63). Depending on the required excitation and fluorescence emissamsity, organic
fluorophores may photobleach after only a few elongation cycleg,defore an entire protein is
synthesized. The tradeoff between intensity and photobleaching thusnumetethe power of

SMF in determining reaction mechanisms, especially for highly processiyene systems.

Brighter and more photostable fluorophores or processes that can etimarfberophore’s
emission intensity are advantageous to increase the rate of plodieotiean and/or reduce the
excitation laser intensity. Quantum dots are very bright anstaesto photobleaching; however
they are physically larger than organic fluorophores (5-10 nm démend they blink

extensively (18).

Another approach is to use surface plasmons of noble metals feentjie spectral properties
of fluorophores to enhance their fluorescence (19). Coupling betwedndhestence resonance
of the fluorophore and the plasmon resonance of nearby metal pafticies an oscillating

dipole that increases the radiative rate of fluorescence (20-22.pH@nomenon is termed
metal-enhanced fluorescence (MEF). While they are in ther@adwlly excited state,

fluorescent probes are susceptible to photophysical reactioreatiss them to blink and bleach
(23, 24). Thus increasing the rate of fluorescence emission iasréaghtness, while also

improving photostability and reducing blinking (23, 24).

Although MEF has huge potential in determining long molecular andlaelprocesses but till

date it has only been shown to have enhancing fluorescencéef legire dyes or small protein
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molecules at both ensemble and single molecule levels. But in oraddudidate most of the
cellular processes, complex biological molecules are needed labéled and fluorescence
enhancement of these molecules using MEF would be extremely.udefaitunately, there are
rare studies where such complex biological molecules have been faseckxample;
supramolecular complexes. Moreover, even if these supramoleculates@s show enhanced
fluorescence signals it would be hard to elucidate their dyasaamiany functional process since
not all the biological molecules are active near the metaasesf(64). So, we designed this

study to address these issues and our specific aims are following:

Specific Aim 1. To characterize silver colloidal particles and determine if they are suitable
for single molecule studies of supramolecular complexes, ribosomes.

Specific Aim 2: To check the fluorescence enhancement of Cy3 and Cy5 labeled initiation
complexes (1Cs).

Specific Aim 3: To check if these initiation complexes are biologically active near metal
particles while having enhanced fluor escence
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CHAPTER IV

SPECIFIC AIM 1

Specific Aim 1: To characterize silver colloidal particles and determine if they are suitable

for single molecule studies of supramolecular complexes, ribosomes.

Rationale:

As discussed, silver colloidal particles have mainly been usesh&emble studies but rarely for
single molecule studies. Hence, it is not very well known if tinestl particles are suitable for
single molecule studies. Moreover, this suitability needs to beketefor a particular set of
optics in the given instrument before any study since diffeneritation and emission collection
methods could affect the results. Most importantly, we wanted to khdwackscattering,

reflection and any emission from these colloidal particlesfarein the efficiency of collecting

fluorescence signals from single molecules. Also, if we coesblve our fluorescence signal
(from single molecules) from any unwanted signals from tiidal particles. Therefore, we

wanted to characterize these colloidal particles.

Results:

Colloidal silver patrticles, prepared by reducing silver nitvaith sodium citrate, were attached
to glass microscope slides as described in Methods. Two afzparticles were made by
varying the rate of reduction. The size of the silver pagiglas measured using AFM giving

average diameters of 50 + 16 and 85 + 18 nm (mean % s.d., n = 463 and 78@eftogights of
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the small and large particles respectively (Fig. 1). Sontbeoparticles aggregated into larger
spherical or rod shaped structures which are evident in the AFAMeisn We noticed that
surfaces coated with colloidal particles and illuminated byibkaslaser light emitted
luminescence, shifted to longer wavelengths. This luminescendeebasdescribed before (65-
67) and ascribed to resonant extinction (resonant scattering and mlgohEtween two
colloidal particles spaced more closely than their diam&®&+67). As such emission would

interfere with detection of single fluorophores on a biological sample, wefusharacterized it.

Particles at low density were illuminated by 532 nm laggt lin TIRF mode and images were
collected in orange (550 — 620 nm), and deep red (660 — 720 nm) emission cluanaals
EMCCD video camera (Fig. 2A and 2B). Backscattered 532 nm Ikt 2C, no emission

filter, camera gain reduced to minimum) was imaged to d#tegbosition of the silver particles
(68). Luminescence was detected in both of the long wavelengthatetkannels from some of

the particles (~15 % and ~4%) detected by scattering and AFM imagpertesly (Fig. 2).

We used a TIRF microscope integrated with an AFM system (Methods) to detemmether the
size of the particles affected the luminescence. Regionseotlitie were imaged by TIRF
microscopy using 540 nm laser light and scanned by AFM (Fign8da respectively). The
two images were scaled, registered with each other and mesoedimageJ and Matlab scripts.
All of the luminescent spots could clearly be identified with cisjen the AFM images (Fig. 2f),
showing that the luminescent spots in both the orange and redamibsinnels originated at
silver colloidal particles. Not all the silver particles detdcby AFM produced appreciable
luminescence. Most of the luminescent spots were located ateanoérthe AFM image
containing several silver particles or an aggregate (Fig. 2d end expected if larger silver

colloids were more luminescent than smaller ones. From sizebdi®ns of particles that
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produced luminescence (Fig. 3a) and the total population (Fig. 3b), tetendeed that 98% of
the particles producing luminescence are 256 amiarger, although not all particles above this
volume produced detectable luminescence. The proportion of particles thducer
luminescence and the luminescent intensity depends strongly on fioke maze (Fig. 3c). These
results are compatible with the resonant extinction emission mieohalescribed earlier (65-

67).

Next, we determined the relative luminescence from 50 nm and 85anmetdr silver particles
in the two camera fluorescence detector channels. Intensitresookected from 30 or more
particles. The larger particles have ~3-fold more luminesceaop®gared to the smaller ones
when excited at either 532 nm or 640 nm with detection at 585 nm or 69@spactively, and
~5-fold more luminescence when excited at 532 nm laser witlctagteat 690 nm (Table 1).
Thus, as expected from the resonant extinction mechanism, thecegna&she larger particles is

greater and extends to longer wavelengths.

The wavelength-shifted luminescence from silver particldeeeidoes not photobleach or else
bleaches slowly and gradually, whereas single organic fluoropbeegsfor biological labeling
photobleach in a single step. As a result, stepwise photobleaching to a stéaplguatenables

fluorophores to be distinguished from colloidal luminescence at the site obalabgarticle.
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Fig 1 AFM 3-D renderings of colloidal silver particles (A) and the size distobutif small (B)

and large (C) silver particles.
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Fig 2 Imaging of small silver particles. Long wavelength shifted lumémegcimages in green
(550-620 nm) channel (A), red (660-720 nm) channel (B), and scattering imagd $Giall
silver particles. Long wavelength shifted luminescence image iohaahel (660-720 nm) (D),

AFM image (E) and merged luminescence-AFM image (F) of silver particles.
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Fig 3 Apparent volume distributions of luminescent silver partidd@sa(d total silver particles
(B) from same region. Dependence of proportion of silver particles hawmmescence and

their intensity on apparent volume of silver particles/aggregates (C).
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Excitation/Emission Small Colloids Large Colloids

Wavelengths

532 nm/585 nm 8437 + 834 25152 + 3306
640 nm/690 nm 6678 £ 783 18040 + 3041
532 nm/690 nm 4023 + 448 19610 + 3183

Table 1. Average luminosity values of small and large colloidal pastieteen illuminated by
532 or 640 nm laser light and detected in orange (585435 nm) or red (690+£30 nngi@mis

channels. Intensity measurements are means + SEM of 30 or more particles.
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CHAPTER YV

SPECIFIC AIM 2

Specific Aim 2: To check the fluorescence enhancement of Cy3 and Cy5 labeled initiation

complexes (1Cs).

Rationale:

Although Metal Enhanced Fluorescence (MEF) has huge potential in determirgngdbecular

and cellular processes but till date it has only been shown todmnancing fluorescence of
either bare dyes or small protein molecules at both ensembtrahel molecule levels. In order

to elucidate most of the cellular processes, complex biologwdécules are needed to be
labeled and fluorescence enhancement of these molecules using MEF wouléinelgxuseful.

But metal particles might not be as effective in enhancing feerece on larger complex
molecules as for smaller onddence, here we wanted to test the aspects of metal enhanced
fluorescence of organic fluorophores bound to components of supramoleculaexesnike

ribosomes, tRNAs, parts of the protein synthesis machinery.

Results:

Because the smaller, 50 nm silver particles produced less nesEmassion, this material was
used to characterize the enhancement of fluorescence fronar@y&y5 probes. Ribosomes
were attached to the microscope slides through a short biotidylest mMRNA linked to a layer

of polyethylene glycol (PEG) covering sparsely distributed ocdl particles (Methods).
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Ribosomal initiation complexes (ICs) were labeled specificaith Cy3 or Cy5 on the large
subunit protein L11 (44), or pre-translocation complexes contained Ggketharginine tRNA
bound to the A-site. The labeled ribosomes attached to the surfaeebiséinylated mRNA,

randomly with respect to the silver particles. The Cy3- or Cy5-labeleghlexes were excited in
TIRF mode by green (532 nm) or red (640 nm) lasers, respectivelgleSnolecules were
selected on the basis of single step photobleaching to avoid iaetererfrom colloidal

luminescence, as described above, and intensities were calculdiiithdp?D Gaussian profiles

to the intensity distributions as described in Methods.

Comparison of fluorescence micrographs of Cy3-labeled initiation exeplbound to PEG-
coated glass slides without and with silver particles (Figarich 1b, respectively) shows clear
enhancement of fluorescence intensity by the colloidal parti€les.median intensity on plain
glass was 3,900 camera intensity units, with very few spots haugities higher than 10,000
units (Fig. 1c). In contrast, a large proportion of the single maemhplexes had intensities of
>10,000 units on slides containing silver particles (Fig. 1d). As detedrfrom the quantum
yield of the camera and its gain (measured as described imod&3f 10,000 intensity units
correspond to ~160 photons striking a camera pixel during each 100 msngquedod. The
higher intensity spots in the presence of the colloidal pastete not aggregates of more than
one labeled ribosome, because the fluorescence bleaches to the bacleyelnda single step
(intensity traces, Fig. 1e and f). As expected, quite simésults were found for Cy5-labeled
initiation complexes (Fig. 2). The higher fluorescence on the collpatéicles often displayed
0.1 — 5 Hz fluctuations above photon counting shot noise, as in Fig. 1f awois.in the traces
on plain glass was slightly higher than expected from photon coumdtigfiss, presumably due

to excess noise of the camera gain multiplier and fluorophore photaaigricesses. For ICs
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colocalized with 50 nm silver particles, the noise above the expslatédhoise was higher, 2 —
3-fold above shot noise (Table 1). After photobleaching of both Cy3 and @Qi5iritensity
spots, the background intensity was slightly higher (=500 inteositg) than on plain glass,

presumably due to resonance emission of the nearby colloid particle.

To confirm that enhancement of the fluorescence was due to the pyoxifthe
ribosomes to the silver particles, we captured images of baakschtight from the silver
particles and fluorescence from labeled ribosomes in the sameegestered the images to each
other using Matlab and ImageJ scripts, and sorted the spots accoraiolgdalization, within
one pixel, with a silver particle. For Cy3-labeled ICs, thislymim showed that 83% of the
molecules that were colocalized with a silver particle hatl (#g.0,000) intensity compared to
1% of the spots on plain glass (Fig. 3a and 3b, respectively). Thesgonding values for Cy5-
labeled ICs were 72% and 2% (Fig. 3c and 3d respectively). Medtansities for the
fluorophores colocalized with colloids (Table 1) were enhanced, 6d74&-fold for Cy3 and

Cy5, respectively, relative to values on plain glass.

Assuming that binding of ribosome ICs to the PEG coated surfaceravamom,
irrespective of whether a colloidal particle was nearby, timsitdeof colloidal particles and the
propotion of fluorophores with enhanced fluorescence allow an estohalbe area around a
particle that leads to enhancement. The density of colloidal learba the surface, detected by
AFM was 2.3+0.3 per um52% of Cy5 labeled complexes on the silver-treated slides exhibite
high intensity (>10,000 camera units). These values lead to an dheapparent radius of 270
nm surrounding each particle that gave fluorescent enhancementaltld@gs very approximate
because the density of colloids was measured by AFM on sephdai® from the fluorescence

ones, because light scattering identified fewer particles, presumabéydiee dnes.
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For the fluorescence enhancement to be of practical benefidymamic biophysical
experiment, the total number of photons collected from the fluorophooechiéfphotobleaches
must be enhanced. Recording times before photobleaching of the flimestghanced Cy3-
and Cy5-labeled ICs close to silver particles were comparedés bound to plain glass. The
product of the recording time (determined by the rate of photoblegcand the intensity gives
a relative measure of the total number of photons captured. Undesrékent recording
conditions, the average recording times for Cy3 and Cy5 labelgdtion complexes were
slightly increased by the presence of silver particles {8t €y3 near particlegs 30 s on plain
glass and 43 s for Cy5 near particless 33 s on glass (Table 1, Fig. 4). The total number of
photons emitted by Cy3- and Cy5-labeled initiation complexespitbducts of intensity and
recording time) were 4.2- and 5.5-fold higher on average, riagplgc near silver particles

compared to plain glass (Table 1, Fig. 3).

Due to higher scattering, large silver colloidal particles hawn beported to produce
greater enhancement of fluorescence than small ones (1). Medensity was increased
more(6.7-fold, Fig. 6, Table 2) on 85 nm patrticles than on 50 nm(driésold, Fig. 3, Table 1).
It is worth noting, however, that the average recording time befus&bleaching was shorter
near the 85 nm particles than the 50 nm particles (30s (Fig. 6d) ar(&ig34d), respectively).
The enhancement of total number of photons collected from Cy5 neaidablparticles, above
those on plain glass, was very similar on large particles ¢d8-Table 2) to that on small ones

(5.5-fold, Table 1).
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Fig 1 Comparison of Cy3 labeled initiation complexes (ICs) on plain glasssanadl silver

particles coated glass surface. Fluorescence images of Cy3 laligdednl plain glass surface
(A) and small silver particle coated glass surface (B). Intetsstypgrams of Cy3 labeled ICs on
plain glass surface (C) and small silver particle coated glass seifay. Single molecule traces

of Cy3 labeled ICs on plain glass surface (E) and small silver particle coated glass gk)face
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Fig 2 Comparison of Cy5 labeled ICs on plain glass and small silver [emtmoated glass
surface. Fluorescence images of Cy5 labeled ICs on plain glass suffp@nd small silver

particle coated glass surface (B). Intensity histograms of Cy5 lab@&kedn plain glass surface
(C) and small silver particle coated glass surface (D). Single m@dcates of Cy5 labeled ICs

on plain glass surface (E) and small silver particle coated glass surface (F).
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Fig 4 Photobleaching lifetime distributions of Cy3 and Cy5 labeled ICsain glass and small
silver particle coated glass surface. Photobleaching lifetime Higion of (A) Cy3 labeled ICs
on plain glass, (B) colocalized Cy3 labeled ICs with silver pasigieithin 1 pixel) on silver
particle coated glass surface, (C) Cy5 labeled ICs on plain glass apadIocalized Cy5

labeled ICs with silver particles (within 1 pixel), on small silver particlated glass surface.
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Fig 5 Comparison of Cy5 labeled ICs on plain glass and large silver partaddated glass
surface. Fluorescence images of Cy5 labeled ICs on plain glass s@#p@and large silver
particle coated glass surface (B). Intensity histograms of Cy5 lab@kedn plain glass surface
(C) and large silver particle coated glass surface (D) Single maecates of Cy5 labeled ICs

on plain glass surface (E) and large silver particle coated glass surface (F).
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Fig 6 Photostability-intensity and Photobleaching lifetime distribution pdt€y5 labeled ICs
on large silver particles coated glass surfableimber of photons emitted from each single spot
before photobleaching vs. intensity of non-colocalized Cy5 labeled ICsdlagakized Cy5
labeled ICs (B) with large silver particles (within 1 pixel)tdnsity distributions for non-
colocalized and colocalized Cy5 labeled ICs are in the insets of A amdsiBectively.
Photobleaching lifetime distributions of non-colocalized (C) and colochl{y Cy5 labeled

ICs on large silver particles.
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SURFACE | N | MEDIAN | MEAN SD BLEACHING | TOTAL S/IN | N/s No/S
TIME PHOTONS
x10° x10° x10° (s) x10°
Cy3 | GLASS 302 3.5 3.9 1.6 30 1.6 19 | 0.054 | 0.044
Cy3 | coLLoIDs | 115 23 26 12 31 6.9 29 | 0.035 0.017
Cy5 | GLASS 113 4.4 4.6 1.6 33 2.7 20 | 0.049 0.039
Cy5 | coLLoIDS | 68 21 25 12 43 15 20 | 0050 | 0.017

TABLE 1: Intensity distributions and noise of Cy and Cy5 labeled iotiaiomplexes on glass
and colocalized with small colloids. Mean and median intensity values aganiera A/D units,
10,000 ADUs = ~160 photons per pixel. Considering the widths of the intepsity §, andoy),
total ADUs per molecule = 8.3-fold higher than the central intensityCig8 and 8.9-fold higher
for Cy5. Bleaching time reports average recording time before bhotobleacFotay. photons
collected were determined (using intensity, camera calibration and phatbidhg time) from
each recording and then averaged among traces. Signal to noise ratio (S/N) ewdated from
Fourier transforms of the traces at 0.1 — 5 Hz. N/S is the recipraic&/N. NS is the noise

relative to signal intensity expected solely from Poisson counting statisties pifdtoelectrons.
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SURFACE | N | MEDIAN | MEAN SD BLEACHING TOTAL S/N N/S N./S
TIME PHOTONS
x10° x10° x10° x10°
Cy5 | GLASS 71 6.1 6.2 1.4 40 3.5 23.5 | 0.043 0.034
Cy5 | coLLoiDs | 128 41 40.5 12 29.5 17 13.4 | 0.075 0.013

TABLE 2: Intensity distributions and noise of Cy5 labeled initiation corepl®n glass and

colocalized with large colloids. Units and columns as in Table S2. Signal to noise ratios for plain

glass are estimated.
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CHAPTER VI

SPECIFIC AIM 3

Specific Aim 3: To check if these initiation complexes are biologically active near metal

particles while having enhanced fluor escence
Rationale:

Single molecule studies using metal enhanced fluorescenceleadvantage that they can be
used in determining longer cellular and molecular processes rihaitteerwise difficult to be
determined due to shorter lifetime of the fluorophores which hanmtperstudies. But such
studies could only be done if the biological molecules remain wneffeclose to the metal
particles because not all the biological molecules are aatiyeraximity of metal particles.
Hence, even if the fluorescence of single fluorophore molecolgugated to the biological
molecule, gets enhanced it will not be beneficial if the biologealecule itself is inactive.
Therefore, in this specific aim, we wanted to check if theatiiin complexes labeled with Cy3

and Cy5 dyes are active close to these metal particles while having edlflancescence.
Results:

We checked whether initiation complexes (ICs) bound near to silvécles are active in
binding Arg-tRNA"? at their A-site, forming the pre-translocation complex, and theheiy

translocate the resulting fMet-Arg-tRNA (dipeptide) in the A and P sites to the P and E sites.
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First, we used unlabeled initiation complexes with fMet-Arg-EBIA*" in the P-site and
tested binding of Phe-Cy5-tRN/ to the A site to form the pre-translocation complex. The
coding mRNA sequence wasJG CGU UUC UUC CGU UUC UAU CGU UUCEorresponding

to MRFFRFYRF (single letter amino acid code), so that PINAfR® was the next codon-
dependent binding partner. Of ~900 colocalized Cy3 and Cy5 molecules on faee sur
(collected from at least 6 different regions from two differexperiments, Methods), 65% gave
high Cy5 intensity (>10,000 counts for Cy5 upon direct excitation, asstonbe close to the
silver particles) and 35% gave lower Cy5 intensi#$(Q,000 counts, assumed to be away from
silver particles). Of the high intensity colocalized spots, 21% sthdwRET efficiency >0.35
between the two adjacent tRNAs, compared to 30% for lower intemiséyg, suggesting that
slightly fewer of the ribosomes are active in this assay tlee silver particles than on PEG-

coated plain glass.

We used the high and low intensity traces separately to aldoRET efficiency values
in the pre-translation complex and to compare with the FRET ezfi@s measured from plain
glass. The tRNAs adopt two conformations, assigned to so-calleicla#A, P/P) and hybrid
(A/P, PIE) states, leading to two peaks in distributions of FREi€iency (69, 70). High
intensity traces (near silver particles) gave components off FRB.66 and 0.43 (Fig. 1), very
similar to those of lower intensity traces, 0.65 and 0.36 away tiencolloids (Fig. 2) and 0.62
and 0.36 on plain glass (Fig. 3). In many of the ribosomes, the Cy54Rai Cy3-tRNA™
fluctuate between these two states. Time courses of antiatedely3 donor and Cy5 acceptor
fluorescence intensities (Figs. 1, 2 and 3), show similar chasdicie except for the higher total
intensity near silver particles than for ICs away from siparticles. Dwell times at high and

low FRET were 1.66 £ 0.1 s and 1.04 + 0.06 s, respectively, for highimytéases (Fig. 1d,e),
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1.67 £ 0.04 s and 0.81 + 0.03 s, respectively, for low intensity trace2(F&.and 1.34 = 0.04
and 1.13 £ 0.03 s on plain glass (Fig. 3d,e) (mean £ s.e.m.). Thus theefiRiENhcy ratios and

dynamics are not affected markedly by proximity to colloidal particles

To determine specific codon dependent binding of tRNA in the A sitBeofibosomes
and the activity of the translocase, elongation factor G, wasnored binding of Cy5-Arg-
tRNAMY to Cy3-L11-labeled initiation complexes. In absence of ERSEB-Arg-tRNAYY is
expected to bind to the A-site of the initiation complex to formptestranslocation complex
with dipeptide fMet-Arg-Cy5-tRNA™ in the A-site. The Cy5-tRNA? is positioned for strong
excitation by FRET from Cy3 on the L11. Similar to the tRN®NA FRET described above,
two peaks in distributions of FRET efficiency were found. As ompigass, many ribosomes
oscillated back and forth between high and low L11-tRNA FRETieffcy values (assigned to
classic and hybrid states), and some of them remained at kigbler low FRET values. The
L11-tRNA FRET efficiencies for pre-translocation complerear silver particles averaged 0.82
and 0.48 with dwell times of 1.84 + 0.1 s and 0.93 = 0.05 s in the higloanBRET states,
respectively (Fig. 4b-e). These values were similar to highl@amd=RET values of 0.81 and

0.47 on plain glass with dwell times of 2.0 £ 0.2 s and 0.6 £ 0.04 s, respectively (Fig. 5b-e).

We then checked translocation activity in the pre-complexds tRINAM' in the P site
and fMet-Arg-Cy5-tRNA" in the A site. In 3 fields of 50 x 50 um each, after addition o2
EF-G and 3 mM GTP, only 36 (8%) particles showed FRET out of 450 tiakat&y3 and Cy5
molecules near silver colloidal particles similar to 10% ofeunoles showing FRET on plain
glass. This indicates that upon infusion of EF-G into the channel, 92#%laitArg-Cy5-
tRNA*Y complexes translocated from the A to the P site of ribosomehaneby lost FRET,

which is comparable to the activity of EF-G on plain glass. Thepgesarance of FRET was not
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due to fMet-Arg-Cy5-tRNA"™ dissociation from the ribosome, because alternating laser
excitation (ALEX) (46) between 532 nm and 640 nm excitation showedhbealy3 and Cy5
were still present and colocalized on the ribosomes. Thus the AigeBy5-tRNAM

translocated and remained in the P site in ribosomes near silver particles.
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Fig 1 Time courses of fluorescence intensity of pre-complex-(PREhaving Cy3-tRNA%in P
site and Cy5-fMet-Arg-Phe-tRNKin the A site) close to silver particles on small silvertioh
coated glass surface. Cy3 (green) and Cy5 (red) fluorescence iptérassies of PRE-II-tt
complex close to silver particles on small silver partideated glass surface (A) under 532 nm
laser illumination. FRET efficiency distributions from fluctuating and non-fluctuabngptexes

are shown in B and C, respectively. (D) and (E) are dwell timeiloligions for high and low

FRET states, respectively.
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Fig 2 Time courses of fluorescence intensity of pre-complex-(PREhaving Cy3-tRNA%in P

site and Cy5-fMet-Arg-Phe-tRN in the A site) away from silver particles on small silver
particle coated glass surface. Cy3 (green) and Cy5 (red) fluoresaaeosity traces of PRE-II-

tt complex away from silver particles on small silver pagsctoated glass surface (A) under
532 nm laser illuminationFRET efficiency distributions from fluctuating and non-fluctuating

complexes are shown in B and C, respectively. (D) and (E) are tiwvelldistributions for high

and low FRET states, respectively.
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Fig 3 Time courses of fluorescence intensity of pre-comple&-(P®, having Cy3-tRNA%in P

site and Cy5-fMet-Arg-Phe-tRN in the A site) on plain glass. Cy3 (green) and Cy5 (red)
fluorescence intensity traces of PRE-II-tt complex on plain g{&3sunder 532 nm laser
illumination. FRET efficiency distributions from fluctuating and non-fluctuating coreplexe
shown in B and C, respectively. (D) and (E) are dwell time distabstfor high and low FRET

states, respectively.
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Fig 4 Time courses of fluorescence intensity of pre-complex (RREaving tRNA'" in P site
and Cy5-fMet-Arg-tRN2 in the A site that is labeled with Cy3 at L11 protein) close t@isil
particles on small silver particle coated glass surface. Cy3 (graed)Cy5 (red) fluorescence
intensity traces of PRE-I-Lt complex close to silver pasicl(A) under 532 nm laser
illumination. Similarly, FRET efficiency distributions from fluding and non-fluctuating
complexes are shown in B and C, respectively. (D) and (E) are tiwvelldistributions for high
and low FRET states, respectively.
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Fig 5 Time courses of fluorescence intensity of pre-complex (RRHaving tRNA in P site
and Cy5-fMet-Arg-tRNA? in the A site that is labeled with Cy3 at L11 protein) on plain glass.
Cy3 (green) and Cy5 (red) fluorescence intensity traces of AREdmplex on plain glass (A)
under 532 nm laser illumination. Similarly, FRET efficiency distributivom fluctuating and
non-fluctuating complexes are shown in B and C, respectively. (D) andréEgiwell time

distributions for high and low FRET states, respectively.
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CHAPTER VII

DISCUSSION/CONCLUSION

We here present an application of metal enhanced fluorescence) (MEKingle
molecule studies of protein synthesis. Although MEF has preyidusén shown for many
fluorophores, including Cy3 and Cy5, prior to the present work it was unkmnauwather
proximity to colloidal silver particles affects the recorditigne before photobleaching. Our
results clearly show a 4 - 7-fold enhancement of fluorescenersity of labeled ribosomal
initiation complexes (ICs) near silver colloidal particles paned to that seen with PEG over
plain glass. Changes in photobleaching rate are minor. The enhamiceméiluorescence
intensity leads to a 4- and 5-fold increase in total number of photdlested for Cy3 and Cy5
labeled (ICs), respectively. Larger colloids enhance the fluarescgignal more than smaller
ones, as expected from earlier reports, (1), but in the size @nf§e-85 nm tested here,
enhancement of total numbers of photons from Cy5 fluorescence doepent dm the particle
size. We found that excess 0.1 — 5 Hz fluctuations of fluorescenositgteom surfaces coated
with colloidal silver particles, led to an overall signal to noe# either similar to or slightly
enhanced relative to fluorescent labeled ICs on plain glass. Thedirer time before
photobleaching under laser illumination is inversely proportional s®rlantensity (71).
Therefore, we expect that the enhancement can be used effetdiesitend the recording time
before photobleaching. The lack of MEF effect on photobleaching sirmitical for future MEF

applications, since a shortened photobleaching time might make Mtk ealistic approach for
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studying lengthy processes such as protein synthesis. Our Wswkrepresents the first
application of MEF to the study of a supramolecular complex, incdse the ribosome. The
similarities in the results obtained for pretranslocation andrpastocation complexes bound
near silver colloidal particles compared to those bound to plain sfi@sgly suggest that MEF
did not significantly compromise the activity of initiation comm@sxbinding to the ribosome of

cognate aminoacyl-tRNAs via ternary complexes, or translocation zathbhy EF-G.

Ribosomes bound randomly to the surface, either near or far frornotloeds. In
principle, virtually all of the labeled ribosomes that co-lo@akwth the silver particles should
give MEF, while all those that do not co-localize should not. Intipeagve found that 70 - 80%
of the co-localized labeled ribosomes had high intensity, as compétte@0-30% of the non-
colocalized ribosomes. The higher than expected intensities for sbrttee non-localized
ribosomes (non-colocalized spots, Fig. S4A) are most likelybatable to incomplete
identification of the colloidal particles by light scatteringedo the noise and limited sensitivity
of the camera. This explanation is supported by the very small mwhlmgh intensity spots
found on plain glass and that a 3 - 4-fold higher density of pariidssdetected by AFM than
by light scattering. The lower than expected intensities daresof the co-localized ribosomes
most likely reflects limited resolution of co-localization (~286), as well as quenching of
fluorescence, which is expected when fluorophores are within 2 roollofds (72). The latter
effect should be quite limited, however, since the 5,000 Da PEG caagngurface was
approximately 5 nm thick. In addition the mRNA strand linking the obwsto the PEG was ~5
nm long. The estimate of the radius surrounding the colloidal particles that prdvioiescence

enhancement, according to the density of particles and the proporegmmariced fluorophores,

~270 nm, would also need to be adjusted if a central region is quenched, rather than enhanced.
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Another major issue in the use of MEF is long wavelength luminesc&éom bare
colloids that overlaps the emission spectra of the fluorophoregbth@otentially interfering
with single molecule measurements. This concern led us to ar@aradhe luminescence signal
of the colloids. We verified that silver particles give riseumihescence, and investigated why
some of the particles were much brighter than others. According to thenesgtiaction theory
(65-67), when two colloidal particles are closer to each other ttihgin diameters, resonant
scattering and absorption causes loss of energy and scatetonger wavelength. As a result,
the spectral properties of the emission should depend on the sizepaftibkes and their state of
aggregation. For a given spectral detection band, a minimum size b®uétjuired to observe
resonant emission, so that the intensity and emission wavelength cbords would be
correlated with their sizes. We, indeed, found these relations tqfigld3 and Table S1), with
smaller colloids showing fewer luminescing particles with downtensity. For the smFRET
results reported in this study, we selected molecules that stwwedingle step photobleaching
to a stable background to distinguish fluorescence emission of Cy&ymdrom colloidal
luminescence. In contrast, the luminescence signal from colloidaégaigs either does not
bleach or bleaches slowly and gradually, and never in a single stepntlusion, this study
shows that metal enhanced fluorescence with 50-85 nm silver coljpgaticles could be
successfully applied in studies of biological processes involvingaswgecular complexes. We
found that ribosomal complexes are fully active near these lparti®Ve observed long
wavelength luminescence background and excess noise associateshamighof the silver
particles. The background could be eliminated as a problem bysisglg step photobleaching

to select organic fluorophores. These results engender confidatemetal enhanced
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fluorescence will be useful in further studies of ribosomes, and pgaogsibly, of many other

types of supramolecular complexes.
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