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Abstract

Direct counting of biomolecules within biological complexes or nanomachines is demanding.

Single molecule counting using optical microscopy is challenging due to the diffraction limit. The

Single Molecule Photobleaching (SMPB) technology for direct counting developed by our team

(Shu et al, EMBO J, 2007, 26:527; Zhang et al, RNA, 2007, 13:1793) offers a simple and

straightforward method to determine the stoichiometry of molecules or subunits within

biocomplexes or nanomachines at nanometer scales. Stoichiometry is determined by real-time

observation of the number of descending steps resulted from the photobleaching of individual

fluorophore. This technology has now been used extensively for single molecule counting of

protein, RNA, and other macromolecules in a variety of complexes or nanostructures. Here, we

elucidate the SMPB technology, using the counting of RNA molecules within a bacteriophage

phi29 DNA-packaging biomotor as an example. The method described here can be applied to the

single molecule counting of other molecules in other systems. The construction of a concise,

simple and economical single molecule total internal reflection fluorescence (TIRF) microscope

combining prism-type and objective-type TIRF is described. The imaging system contains a deep-

cooled sensitive EMCCD camera with single fluorophore detection sensitivity, a laser combiner

for simultaneous dual-color excitation, and a Dual-View™ imager to split the multiple outcome

signals to different detector channels based on their wavelengths. Methodology of the single

molecule photobleaching assay used to elucidate the stoichiometry of RNA on phi29 DNA

packaging motor and the mechanism of protein/RNA interaction are described. Different methods

for single fluorophore labeling of RNA molecules are reviewed. The process of statistical

modeling to reveal the true copy number of the biomolecules based on binomial distribution is

also described.
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INTRODUCTION

Fluorescence microscopy offers a way to directly visualize biomolecules carrying

fluorescent labels. However, the resolution of optical microscopy is restricted by the

diffraction limit, which is about 200 nm for visible light. Molecules that reside within this

limit cannot be distinguished from each other by conventional optical microscopy. In recent

years, many super resolution microscopy techniques have been developed, and biological

samples can now be imaged with nanometer precision [1–17]. Single Molecule

Photobleaching (SMPB) for direct counting, developed by our team [18,19], has been a

simple and straightforward way to study stoichiometry of subunits in biocomplexes. This

technology has now been used extensively for single molecule counting of proteins, RNAs

and other macromolecules in a variety of biomachines and nanostructures [13,18–35]. A

single fluorophore shows quantized intensity drop when photobleached (Fig. 1A). Utilizing

this characteristic of single fluorophore, one can directly count the number of fluorophores

within a diffraction limited fluorescent spot from the step-wise intensity drop over time.

More recently, other novel approaches such as photoactivated Localization Microscopy

(PALM) [36] based on localization of stochastically photoactivated molecule and Stochastic

Optical Reconstruction Microscopy (STORM) [5] have also been reported for quantitative

analysis of fluorescent molecules, providing information such as stoichiometry, size and

arrangement of the biocomplexes [37–41]. However, some molecules may not be

photoactivated during PALM and STORM imaging, making it difficult to determine the

absolute number of molecules and leading to underestimation of the stoichiometry. Unlike

PALM or STORM, SMPB cannot provide information on size, dimension parameter, or

spatial distribution of the molecules. However, in SMPB, the choice of fluorophores is not

limited to photoactivable fluorescent molecules, and mathematic algorithms are not

required. The stoichiometry of packaging RNA (pRNA) in the bacteriophage phi29 DNA

packaging motor has been confirmed using this method [18,19]. Further photobleaching

studies on the phi29 DNA packaging motor facilitated the elucidation of a novel mechanism

of protein/RNA interaction [42]. The method has also been used to determine the copy

number of viral RNAs packaged in a single influenza virus particle [43]. In this paper, we

focus on the studies of direct counting of RNA subunits within nanometer-sized biological

nanoparticles using the SMPB approach. The single fluorophore labeling schemes for RNA

molecules and the statistical analysis to conclude the true stoichiometry of the RNA subunits

in the circumstance of incomplete labeling are discussed. This technology can be applied to

single molecule counting of RNA, DNA, protein and other molecules in nanoparticles,

macromolecule complexes, and biological complexes. Here, we describe its application

focusing on RNA, while the method introduced here can be used on other nanomachines and

complexes, as well.
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METHODS

1. Instrumentation of single molecule total internal reflection fluorescence (TIRF)
microscope: combined prism-type and objective-type

A key step to achieving single fluorophore detection in solution is to decrease the

background fluorescence from the bulk solution. One approach that has been widely used in

single molecule imaging is TIRF(Total Internal Reflection Fluorescence Microscope) [44–

50], which is our focus here. It utilizes an evanescence excitation source generated from the

total internal reflection of the excitation beam to eliminate the background fluorescence

from the bulk solution. Single molecule counting using photobleaching technique is a

straightforward way to determine subunit stoichiometry at the nanometer scale. It’s as easy

as counting the stars. On a dark night the stars are bright and easy to see but, during the day,

the bright light from the sun blocks our view of anything in space and you cannot see them.

With a TIRF microscope, light from a laser is internally reflected at the water/quartz (or

glass) interface, away from the objective. An evanescent field is generated, with its intensity

dropping along the surface normal exponentially at a power of 6. The penetration depth of

the excitation field is calculated to be around 200 nm for visible light. Only the molecules at

the interface of two surfaces with different refraction indices can be excited. The molecules

fluoresce brightly against a dark background towards the objective and are distinguishable

due to a high contrast (Fig. 1A). There are two ways to achieve TIRF excitation, one is

facilitated by a top prism that directs the excitation beam [18,19,44,47,48,50], and the other

involves the beam total internally reflected through an objective with a high numerical

aperture (NA) [45,48,50–52].

1.1 Prism-type TIRF—In prism-type TIRF, the sample perfusion chamber is usually made

of a quartz slide on top and a glass coverslip on bottom (Fig. 1B) [2,47,53–57]. The contact

between the bottom surface of the quartz prism and the top surface of the quartz slide of the

chamber was mediated by glycerol, which has a refractive index close to that of quartz. The

excitation laser beam was elevated through a series of optics to shine to the side of the

prism, which was fixed directly above the objective’s field of view by a customized prism

holder; the incident angle (θa) was adjusted so that after its refraction through the prism, the

incident angle (θb) of the beam at the quartz/water interface was larger than the critical

angle (θc) for total internal reflection (Fig. 1B). The critical angle (θc) for total internal

reflection of a 532 nm laser beam at a quartz/water interface was 65.6°. Using a Pellin-Broca

prism, as shown in Fig. 1B, θa = 33° gave an incident angle θb = 68° at the interface. The

depth of penetration of the evanescent field was approximately 160 nm for the 532 nm laser

beam. The size of the focused laser beam at the quartz/water was adjusted to approximately

150 μm × 50 μm by fine-tuning the position of the focusing lens (Fig. 1B, L1).

1.2 Objective-type TIRF—Objective-type TIRF [45] is achieved by using a TIRFM

objective with an NA larger than 1.38, and an angular aperture allowing an incident angle

larger than the critical angle (θd) for total internal reflection at the glass/water interface (Fig.

1B). The excitation beam was expanded, reflected by the dichroic mirror in the microscope

filter cube and then focused onto the back focal plane of the objective through a lens next to

the back aperture of the microscope. The sample was excited by the laser beam through the
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TIRFM objective. By adjusting the position of the lens, the beam could be aligned to the

side of the objective, and thus achieve total internal reflection through the objective lens

(Fig. 1B). With an NA of 1.45 for a TIRFM objective (Olympus PlanApo 100× Oil, NA

1.45), the depth of penetration into the sample chamber was about 100 nm for a 532 nm

laser. Only the samples that were attached to the bottom glass surface of the perfusion

chamber could be excited by the TIRF evanescent field.

1.3 Excitation source – laser combiner for multi-color excitation—When

fluorophores of different spectra are used, multiple lasers are needed as excitation sources.

For easy and safe beam manipulation, the lasers can be pre-aligned in a combiner and

coupled to a single-mode fiber optic for further alignment with the microscope. In our

experiments, lasers of three wavelengths (a Cobolt Dual Calypso™ laser of 491 nm/532 nm

and a Coherent CUBE laser of 635 nm) were co-aligned inside a laser combiner (Fig. 1C)

[31]. A long pass (LP) dichroic mirror with edge wavelength of 550 nm (Chroma, USA) was

used inside the combiner to transmit the 635 nm beam, while reflecting the 491 nm/532 nm

beam in order to co-align all three beams to the same fiber optic. The 491/532 nm laser and

635 nm laser were controlled separately by computer-controlled electronic shutters.

Additional band pass filters with ranges of 488–505 nm and 519–700 nm (Semrock) were

placed after the fiber optic to further separate the beam of 491 nm from 532 nm.

1.4 Detection of multi-color fluorophores—Fluorescence signals were detected with a

back-illuminated electron-multiplied CCD (EMCCD) camera (Andor Technology), which

was operated at −70ºC to reduce the thermal-dependent dark noise. A commercially

available Dual-View™ imager (Roper Scientific) (Fig. 1D) was used to split fluorescence

signals of two different wavelengths before they reached the EMCCD camera. A dichroic

mirror (M1) was used to transmit the signal with a longer wavelength, while reflecting the

shorter one to a side mirror (M2), which brought the signal of shorter wavelength to the

detector. The signal that passed through the dichroic was reflected by two additional mirrors

(M3, M4) to reach the detector. Band pass filters were used before the detector to further

block unwanted signals. The optics were aligned so that the two signals reached the detector

side by side, and were recorded simultaneously [19,31]. Various pairs of fluorophores can

be simultaneously imaged and co-localized with different combinations of lasers in the laser

combiner and filter sets in the Dual-View™ imager.

2. Single fluorophore labeling of RNA

A key step in direct counting of subunits using photobleaching assay is to ensure single

fluorophore labeling of each subunit. For proteins, fusion tagging with a fluorescent protein,

such as GFP (green fluorescent protein) or YFP (yellow fluorescent protein) [58,59], is the

most common way to fluorescently label protein with single fluorophore at high labeling

efficiency [20,24,28,60]. For single labeling of RNA, chemical synthesis can produce site-

specific labeled RNA strands with lengths up to 60–80 bases. For longer RNA molecules,

single labeling can be achieved by in vitro transcription in a T7 RNA polymerase system

with an Ø2.5 promoter [61,62] using fluorescent AMPs (adenosine monophosphates; e.g.,

F550/570 and F650/670 from AdeGenix) that can initiate the transcription, but cannot be
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incorporated for chain extension (Fig. 2, Scheme 1) [18,63,64]. Single labeling at the 3′-end

can be achieved by using T4 RNA ligase [65].

Alternatively, an overhang can be designed to either end of the RNA molecule and single

labeling can be achieved by annealing the RNA with a short, single-fluorophore labeled

DNA/RNA oligo (IDT) (Fig. 2, Scheme 2) [31]. A bipartite approach can also be used to

produce singly labeled RNA molecules through assembly of two short RNA fragments. As

the lengths of the RNA fragments are reduced, it is possible to make the single fluorophore

labeled RNA through chemical synthesis (Fig. 2, Scheme 3) [66–68]. In addition, labeling

can also be achieved by post-transcription chemical reaction of an RNA carrying terminal

functional groups with a fluorescent reagent [69,70]. For example, single labeling can be

achieved by reaction of a thiol end-labeled RNA with commercially available fluorescent

maleimide (Fig. 2, Scheme 4) [69], or through “Click” chemistry of alkyne modified RNA

with azide modified fluorophore [70–72].

The labeled RNAs were subject to further purification using gel electrophoresis. The

labeling efficiency of the RNA molecules was obtained from their UV/Vis absorbance

spectra. RNA concentration was determined by OD260 (1 OD260 = 40 ng/μL). The molar

concentration was converted based on the molecular weight of the RNA molecule. The

concentration of the fluorophore was determined from OD at its maximum absorbance

wavelength, and the labeling efficiency was calculated as the molar ratio between the

fluorophore and the RNA molecule.

3. Photobleaching assay and analysis of the photobleaching traces

Single molecule photobleaching causes a step-wise intensity drop for individual

fluorophores and direct counting is achieved by recording the total number of steps in the

intensity change over time. A fluorescent molecule is similar to a living organism

concerning a variable lifespan. The counting here works in situations similar to the

investigation of a cage of living mice. While active, the mice are difficult to count especially

in a darkroom. Instead of counting the live mice in the cage, we seek to count the dead mice.

As they die, each mouse is removed and tallyed. When the cage is empty, the total number

of the mice that were in it can be recorded. The single molecule photobleaching technique

enables scientists to directly count nanometer-sized biomolecules one by one without

mathematical extrapolation.

Bacteriophage phi29 DNA packaging motor is geared by a multimeric pRNA ring. The

stoichiometry of the pRNA in the packaging motor has been a subject of fervent debate for a

long time [18,42,73–77]. Cryo-EM studies from different laboratories have shown a

hexameric [73] or a pentameric [74,77] pRNA ring on the motors. Biochemistry data has

revealed that purified pRNA dimers and trimers are active in DNA packaging, implying that

the number of pRNA molecules on a motor would be a common multiple of 2 and 3. Using

single molecule photobleaching assay, the number of pRNA within one pRNA ring has been

directly counted to be six [18].

3.1 Counting of pRNA in the phi29 DNA packaging motor—Bacteriophage phi29

DNA packaging motor is one of the strongest biological motors assembled in vitro. The
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motor is geared by a packaging RNA (pRNA) ring [18,42,75,78,79]. Since its discovery in

1987 [78], the 120-nucleotide pRNA has been extensively investigated, and the question of

whether the pRNA is a pentamer or hexamer has been subjected to fervent debates since

1998. Such debate was ended after the application of Single Molecule Photobleaching

technology to reveal that the pRNA ring contains six copy of RNA either at the initial

assembly or during the active translocation of dsDNA by the motor [18]. The precise

determination of the copy number of the RNA ring was further confirmed by RNA X-ray

crystallography and atomic force microscopy (AFM), both revealing that the RNA ring is a

hexamer with the interior angle of 120° [80].

Each pRNA molecule was singly labeled with a fluorescent dye of Cy3 or Cy5 at its 5′ end

by transcription with fluorescent AMP. The biological activities of the fluorescently labeled

pRNA, such as motor binding and DNA packaging, were tested before imaging to confirm

that the pRNA retained its activity after labeling.

The packaging motor was first constructed by mixing the labeled pRNA with the motor in

the presence of a buffer containing 100 mM NaCl, 10 mM MgCl2, and 50 mM Tris at pH 8,

and were then isolated through 5–20% sucrose gradient to remove the unbound pRNA [18].

The isolated motor/pRNA complexes were tested to be active in DNA packaging and viral

assembly, confirming that the complexes remained intact after purification. The complex

was then immobilized to the antibody-coated surface of the chamber for TIRF imaging. The

concentration of the sample was titrated so that individual complexes appeared as discrete

stable fluorescent spots in the field of view with proper density. An oxygen scavenger

system (0.5% β-D-glucose, 10 mM β-mercaptoethanol, and GODCAT: 0.2% Glucose

Oxidase and 0.25% Catalase) was used to improve the photostability of Cy3 during the

imaging by slowing down the photobleaching of Cy3 caused by photo-oxidation [81]. To

avoid the possible underestimation of the step numbers due to premature photobleaching, the

field of view was move to a fresh region before every data acquisition. This is especially

important for counting of fluorescent proteins, as the oxygen scavenger system cannot

prevent their photobleaching.

For Cy3 labeled pRNA, a 532 nm laser beam was used for excitation. The samples were

excited continuously and the laser power was adjusted to 5~8 mw to ensure slow

photobleaching so that multiple fluorophores were not bleached simultaneously, making it

difficult to resolve the steps. Sequential images were taken at a rate of 2.3 ~ 4.3 Hz with an

exposure time of 0.2 ~ 0.4 second. The exposure time could be increased to collect more

photons in order to increase the signal-to-noise ratio. However, the temporal resolution

would decrease in the meantime. Each fluorescent spots in the image (Fig. 1A), representing

individual motor/pRNA complexes, were analyzed by Andor iQ software (Andor

Technology). The average intensity of a circled area around the fluorescent spot (white

circle) was measured with the nearby background fluorescence subtracted (red circle) at

each time point (Fig. 1A) and plots of average fluorescence intensity versus time were

produced for individual fluorescent spots (Fig. 3). To exclude the possibility of detecting

signals from contaminants rather than the samples, an essential control sample without

fluorescent labels was tested under the same imaging condition to ensure the signals

recorded were truly from the fluorescently labeled samples.

Zhang and Guo Page 6

Methods. Author manuscript; available in PMC 2015 May 15.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



A major challenge often encountered in single molecule imaging is the requirement of

subnanomolar sample concentrations to ensure the fluorescent spots are well separated from

each other. The motor/pRNA complex was found to remain intact at the imaging

concentrations. However, the imaging concentration may lead to the dissociation of some

other biological complexes. In such cases, encapsulation of the complex within a restricted

small volume can be used [82,83]. Using small unilamellar vesicles (SUVs) of 200 nm in

diameter, encapsulation of one complex will result in a local concentration of a few hundred

nanomolar, which may keep the complex intact.

Non-specific binding of biological samples, especially fluorescently labeled proteins, to the

TIRF chamber surface represents another challenge in single molecule imaging, as it may

require the use of a protein concentration much lower than its physiological concentration.

Further surface coating with BSA or PEG [50,53,84] will be needed to block the non-

specific protein bindings.

3.2 Analysis of the photobleaching traces—Direct counting of steps from the

photobleaching traces reveals the number of fluorophores within the diffraction limited

fluorescent spot. As the environment of each fluorophore differs from each other within the

sample chamber, the photobleaching step size may vary. A histogram revealing the

distribution in step sizes can be used to identify the one-step-drops due to bleaching of

multiple fluorophores. Furthermore, due to their intrinsic properties, the intensity of

fluorescent proteins fluctuates significantly during photobleaching, making it difficult to

identify the steps. Mathematic filters, such as Chung-Kennedy filter [85], can be applied to

the raw photobleaching traces to extract signals from noise, thus to reveal distinctive steps

from the traces [20,86]. Counting programs have been developed for automatic step

detection in the photobleaching traces [28,30,87].

As the number of fluorescent molecules increases in a complex, direct counting of steps

become challenging. This is due to the increased possibility of synchronous photobleaching

of multiple fluorophores, leading to the underestimation of the total steps. Resolving the

overlapped steps will also be challenging when more molecules are involved and fluctuation

in step size occurs. With the current experimental setup, we were able to directly count up to

11–12 Cy3 photobleaching steps within one complex (possibly two motors) empirically

[18]. A maximum of 15 steps was however predicted to be countable without mathematical

extrapolation [22]. Alternatively, number of fluorophores can be estimated by dividing the

intensity of the fluorescent spot prior to photobleaching with that of a single fluorophore

[20,86,88], although errors can occur due to the fluctuation of step size.

3.3 Counting of pRNA in active packaging intermediates—Similarly, the

packaging motor was constructed using Cy3-labeled pRNA and Cy5-labeled genomic DNA

[18]. The DNA-packaging was stalled by a non-hydrolysable ATP analog, γ-S-ATP, and

isolated through sucrose gradient. The packaging intermediate was identified by the co-

detection of Cy3 and Cy5 signals within the same fluorescent spots. To confirm that the

overlapped signals did not come from the accidental co-localization of the two fluorophores,

a control sample without packaging activity was also tested. The result confirmed that the

Cy3-pRNA and Cy5-DNA would not co-exist within the same motor if DNA was not
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packaged. Thus, the spots that contained both Cy3 and Cy5 signals represented DNA-

packaging intermediate and were then further analyzed for their Cy3 photobleaching traces.

The number of fluorescently labeled pRNA in the packaging intermediates was therefore

determined.

3.4 Simultaneous dual-color photobleaching of differently labeled pRNA on
the phi29 DNA packaging motor—Wild-type pRNA contains two interlocking loops

with complementary sequences. The interlocking loops are essential for pRNA dimerization.

Two differently labeled pRNAs can be incorporated into one pRNA ring on a motor by

carefully re-engineering their loop sequences. For example, with the same letter in upper and

lower cases representing the complementary sequences, a pRNA-Aa’ containing two

complementary interlocking loops is self-efficient to form a dimer in solution, and

subsequently a closed ring on the motor. However, a pRNA-Ab’ with unmatched loop

sequences can only form a dimer, and subsequently a closed ring, in the presence of a

partner pRNA-Ba’. Thus, the fluorescent pRNA ring was designed to have a Cy3 labeled

pRNA-Ab’ paired with a Cy5 labeled pRNA-Ba’ [18]. With the laser combiner and Dual-

View™ imager, the imaging system was able to detect fluorescence signals from the two

differently labeled pRNA simultaneously, using the Dual-View™ imager filter set specific

for Cy3/Cy5 pair. In addition, the filter set inside the microscope turret was also carefully

adjusted with the dichroic mirror to block both excitation beams of 532 nm and 635 nm,

while still allowing the two fluorescence signals to transmit.

Another dual-pass filter was added to the filter cube to further block the excitation source.

For simultaneously imaging of Cy3-pRNA and Cy5-pRNA on the motor, a dichroic mirror

with dual-edge wavelengths of 545 nm and 650 nm (Semrock) and a dual-band bandpass

filter for Cy3/Cy5 (Chroma) were used in the microscope filter cube (Fig. 1B). Sequential

images were taken and each image was processed through Field-Split function to overlay the

signals in the Cy3 and Cy5 channels. TetraSpeck™ fluorescent microspheres that display

four different colors (Life Technology) were used to calibrate the alignment of the signals in

the two channels before the images of motor/pRNA complexes were analyzed. Only the

fluorescence spots that contained both Cy3 and Cy5 signals were analyzed for

photobleaching to determine the number of each fluorescently labeled pRNA inside an

individual motor (Fig. 4). A sample of motor containing Cy3-pRNA only was examined for

the possible crosstalk of Cy3 signal to Cy5 channel, and cares were taken during the data

analysis to ensure that the bleedthrough of Cy3 intensity drop was not counted for Cy5

quantification.

3.5 Elucidating mechanism of pRNA ring assembly on the motor—Specificity in

protein/RNA interaction is generally believed to rely on either molecular contact through

surface charges, or 3D structure matching via conformational capture [89,90] or induced fit

[89,91,92]. However, a single molecule photobleaching study has revealed that the

specificity and affinity in the motor/pRNA interaction is dependent on a static pRNA ring

formation [42]. Cy3-labeled pRNA-Aa’ has been found to have a much stronger affinity to

the motor than pRNA-Ab’ that can only exist as monomers in solution, as demonstrated by

the amount of fluorescent spots observed in Fig. 5A. Analysis of their photobleaching traces
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also showed different distributions in copy numbers, with pRNA-Aa’ having significantly

more copies on the motor ; while the majority of pRNA-Ab’ showed only one copy, similar

to that of free pRNA in solution (Fig. 5B). More interestingly, another mutant pRNA with

the ability to form a closed ring, but with a smaller ring perimeter, was also found to be

incapable of binding to the motor, showing much less binding compared to pRNA-Aa’ (Fig.

5B). The results indicate that the size of the pRNA ring is also an important factor in motor/

pRNA interaction.

4. Statistical analysis of photobleaching histograms

Different from proteins that are labeled through fusion technique, with which the protein and

the tag are co-expressed and 100% labeling is warranted, fluorescent labeling of RNA may

result in incomplete labeling. Therefore, the number of photobleaching steps revealed in the

experiment data does not directly reflect how many pRNA molecules are in that

biocomplex, e.g., the histogram of photobleaching steps of Cy3-pRNA in the motor/pRNA

complex showing a distribution from 1 to up to 11 steps (Fig. 6A). Statistical analysis with

the labeling efficiency taken into account is therefore needed to obtain the real copy number

of pRNA within the complex as described below.

4.1 Setting up models—To reveal whether the stoichiometry of pRNA is five or six on

the motor, four statistical models were constructed based on different hypotheses, as shown

in Fig. 6B, in shaded columns. The models also considered different assembly pathways of

pRNA onto a motor. The models were built based on the following hypothesis [18]:

Model 1: pRNA assembles into a hexamer on the motor from a pRNA dimer.

Model 2: pRNA initially assembles as a hexamer on the motor from a pRNA dimer.

However, one pRNA shifts away and leaves a pRNA pentamer on the motor.

Model 3: pRNA assembles as a hexamer on the motor from a pRNA monomer.

Model 4: pRNA assembles as a pentamer on the motor from a pRNA monomer.

Mathematical formulas were developed for each model to predict the fractions of motor

containing i copies of Cy3-pRNA, where 1 ≤ i ≤ 6, as only the Cy3-pRNA can be counted in

the experiment. In detail, using Model 1 as an example, each observable motor would

contain 1, 2, or 3 pRNA dimers, and their fractions in the total motor were as defined a, b,

and c, respectively. Since the binding of pRNA to motor is cooperative [79], the fractions

would be a ≤ b ≤ c, where c = 1–a–b.

The possibility of i copies of Cy3 molecules to be found on each motor follows binomial

distribution (k, E), where k stands for the total number of pRNA on the motor and E is the

labeling efficiency of the Cy3-pRNA. The expansion of binomial (k, E) indicates that the

possibility of having i Cy3-pRNA on one motor is . In the case of Model

1, k is equal to 2, 4, or 6. The fractions of motor containing i copies of Cy3-pRNA (fi) can

therefore be calculated using the Eq. 1 below:
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(Eq.

1)

As the total number of observable motor s does not include the ones that have no Cy3-

labeled pRNAs bound, the predicted fractions can be expressed in Eq. 2 below:

(Eq.2)

For the other three models, similar procedures were taken to obtain the theoretical

histograms, as shown in figure 6B.

4.2 Fitting the models—Mean squared error (MSE) is defined as the average squares of

discrepancy between the empirical fraction and the predicted fraction (Eq. 3).

(Eq. 3)

In Eq. 3, yi is the fraction empirically determined for motor containing i copies of Cy3-

pRNA and can be obtained from Fig. 6A. A Matlab code was programmed to locate the pair

of (a,b) that gives the best-fit to the empirical data with a smaller MSE indicating better

fitting of the model.

4.3 Evaluating the models—For the stoichiometry study of pRNA bound to motor, the

focus was to determine whether the pRNA ring was a hexamer or a pentamer; therefore, the

focus of the evaluation of the models was on the fraction of motor containing 6 Cy3-pRNA

molecules. Suppose the pair (â, b̂) gave the best fit, by inserting (â, b̂) back into the model,

the z-score could be calculated using Eq. 4 below:

(Eq. 4)

where T is the total number of observable motor s containing at least 1 copy of Cy3-pRNA.

The rationale behind the z-score is that, when the model is accurate, z-score is

approximately distributed as a standard Gaussian (i.e., N(0,1)) and should be relatively

small. An unusually large z-score implies that the model is not accurate. Equivalently, the p-

values were determined by p=P{|N(0,1)|≥|z|}. An unusually small p-value also implies that

the model is not accurate.

All four models were evaluated and the model that fit the empirical data the best was

accepted. Model 1 gave the best fit with the empirical data, based on the fitting parameters

of z-score and p-value [18]. It was therefore concluded that the pRNA ring on the motor was

most likely to be a hexamer assembled from pRNA dimers. The other three models showed
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relatively large z-scores and extremely small p-values, and were thus excluded [18]. Based

on the statistical analysis, it was also found that majority of the motors contained either six

pRNA molecules or no pRNA at all.

FUTURE PROSPECTIVES

Single molecule imaging techniques enable the study of biomolecules one molecule at a

time, and make it possible to investigate the stoichiometry of individual complexes. Single

molecule photobleaching allows for the direct counting of biomolecules in a straightforward

manner. Since our publication of this technique [18,19], this technology has been widely

used to study protein and RNA subunits in biological complexes. More and more noncoding

RNA species have been uncovered, in combination with the fluorogenic property of RNA

[93–95]. It is expected that this SMPB technology will play more and more roles in the

study of the biological roles of RNA. In a similar way, components of DNA, lipid,

polysaccharide or metals can also be counted, by applying single fluorophore labeling

technique or self-fluorescence property. Improvement of this technology will rely on the

discovery of photostable, less fluctuating, less blinking fluorophores, and more sensitive

optical instrument.
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Fig. 1. Single molecule photobleaching assay for direct counting of biomolecules
(A) Left: A typical initial fluorescence image of individual biocomplexes containing multiple copies of fluorescently labeled

molecules prior to photobleaching process. Right: Photobleaching trace of average fluorescent intensity vs. time for the

fluorescent spot circled in the image on the left. (B) Schematic of the single molecule TIRF microscope. Adapted from [18] ©

2007 with permission from Nature Publishing Group. (C–D) Schematic designs of the optics inside the (C) laser combiner and

the (D) Dual-View Imager™. Adapted from [31] © 2010 with permission from Springer.
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Fig. 2. Different schemes of single fluorophore labeling of RNA molecules
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Fig. 3. Typical photobleaching traces of single motor/Cy3-pRNA complexes showing 1 – 6 steps of intensity drop over time
Adapted from [18] © 2007 with permission from Nature Publishing Group.
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Fig. 4. Dual-color photobleaching of differently labeled pRNAs within the same motor/pRNA complex
(A) Design of dual-labeled pRNA for motor binding. (B) Typical overlaid fluorescence image of the dual-color labeled motor/

pRNA complexes. (Green: Cy3; Red: Cy5; Yellow: Cy3/Cy5 overlay). (C) Comparison of the experimental histogram of

photobleaching steps with the theoretical histograms for Cy3-pRNA based on 70% labeling efficiency. (D) A dual-color

photobleaching trace of motor/pRNA complex showing three Cy3-pRNA molecules and three Cy5-pRNA molecules on the

same motor. Adapted from [18] © 2007 with permission from Nature Publishing Group.
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Fig. 5. Single molecule photobleaching comparing the oligomerization state of different pRNAs in the (A) presence and (B) absence of
motor

Adapted from [42] © 2008 with permission from Oxford University Press.
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Fig. 6. Statistical analysis to obtain the actual copy numbers of pRNA on the motor
(A) Experimental histogram of photobleaching steps of motor/Cy3-pRNA complexes. (B) Fitting of the experimental data with

different statistic models (Models 1 – 4) that were constructed based on 70% labeling efficiency for Cy3-pRNA. Adapted from

[18] © 2007 with permission from Nature Publishing Group.
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