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Abstract

Many of the cell's macromolecular machines contain multiple components that transiently
associate with one another. This compositional and dynamic complexity presents a challenge for
understanding how these machines are constructed and function. Colocalization single molecule
spectroscopy enables simultaneous observation of individual components of these machines in
real-time and grants a unique window into processes that are typically obscured in ensemble
assays. Colocalization experiments can yield valuable information about assembly pathways,
compositional heterogeneity, and kinetics that together contribute to the development of richly
detailed reaction mechanisms. This review focuses on recent advances in colocalization single
molecule spectroscopy and how this technique has been applied to enhance our understanding of
transcription, RNA splicing, and translation.

1. Introduction

All life relies on cellular machines to carry out essential steps in gene expression,
environmental response, cell division, and growth. Understanding the biochemistry behind
how these machines function is essential for understanding cellular biology. Some of these
machines are composed of just a handful of components while others such as the ribosome
contain many dozens. As the number of components increase, biochemical assays can
quickly become muddled by the simultaneous accumulation of many different species doing
many different things. For example, in an experiment containing one protein and one RNA
component there may be at least three species present: the RNA by itself, the protein by
itself, and the RNA/protein complex. Any one of these individual species may obscure
observation of the other two. When this scenario is amplified to machines containing dozens
of components, it can quickly be appreciated how even the simplest experiment becomes
convoluted. This observation is particularly true of ensemble assays that only reveal the
averaged behavior of the species present. One way to circumvent this complication is to
study each species individually using a single molecule approach.

In contrast with bulk biochemical assays, single molecule fluorescence methods provide
unique insights by observation of individual complexes in real time as they progress along
their own reaction pathways.! With these methods, reaction heterogeneity can be directly
assessed and studied as a feature of the system, rather than a complicating factor.
Furthermore, the need for synchronizing multi-step reactions can be eliminated when
studying single molecules. Individual reaction trajectories are studied and assembled into
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common patterns of behavior post-experiment. This enables many experiments where
traditional methods for reaction synchronization (e.g., stopped-flow, rapid chemical quench)
are either impractical or impossible due to system complexity.

Colocalization single molecule fluorescence experiments employ real-time imaging of
biomolecules conjugated to spectrally discernible fluorescent dyes. When a complex is
formed, the biomolecules and their fluorescence emission colocalize to the same location
(Figure 1a). Analysis of these microscopic images reveals both the identity and abundance
of the components of a complex. While single molecule fluorescence resonance energy
transfer (SmMFRET) and force experiments have been applied to studies of biomolecules for
many years12:3, single molecule colocalization microscopy has only recently come to the
forefront for studies of macromolecular machines.

In this review, we focus on the fundamentals of colocalization microscopy and how this
technique has been used to study the cellular machinery involved in gene expression: RNA
polymerase, the spliceosome, and the ribosome. In the past few years, colocalization
techniques have provided astounding new insights into these megaDalton-scale cellular
machines. We spotlight how multi-component systems assemble to form functional enzymes
and how colocalization methods supply new details into the pathways, Kinetics, and
conformational dynamics associated with these processes. Finally, we provide examples
where colocalization methods in combination with other techniques have yielded novel
insights into cellular machines that could not have been obtained by use of either method
individually.

2. Fundamentals of Colocalization Microscopy

When carrying out a single molecule colocalization experiment, three common procedures
are often followed. First, the biomolecules are derivitized with fluorophores that can be
optically distinguished from one another. Second, a microscope is used that is capable of
distinguishing between the fluorophores. Finally, single molecules are imaged and
identified. In the following section, we briefly discuss common tactics for carrying out each
of these three steps. The fundamental approaches described below have been used in many
colocalization experiments and provide a starting foundation for discussing the experiments
that follow on transcription, splicing, and translation.

2.1. Fluorophores for Colocalization Studies

Appropriate choice of fluorophores is critical for unambiguously identifying each
component in a colocalization experiment. A number of fluorophores in the visible and
infrared (IR) spectrum can be employed for single molecule assays. While in principle
fluorescent proteins may be used, in practice, the increased photostability and photon output
of organic fluorophores greatly facilitates observation of single molecules. The choice of
fluorophore is coupled to the optical design of the colocalization microscope since a
different laser may be necessary to excite each fluorophore and fluorophore emission may
need to be monitored individually. Some widely used fluorophores for colocalization
experiments are those excited by blue (488 nm, Alexa488™), green (532nm, Cy3), orange
(594nm, Alexa594™), and red (633nm, Cy5) lasers (Figure 1b, c¢). These fluorophores can
be excited using commercial solid state or gas lasers and their fluorescence can be
distinguished using readily available dichroic mirrors and filters. Since each fluorophore in a
colocalization experiment is often directly excited, the need for fluorophores that constitute
efficient FRET pairs is eliminated. This also permits observation of large biomolecular
assemblies where fluorophores may be separated by distances beyond the FRET detection
limit. In addition to spectral properties, choosing the optimal fluorophores for a
colocalization experiment often requires knowledge of the relative rates of fluorophore
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photobleaching and the timescale of the biological process being investigated. Some
fluorophores (e.g., Cy5) can exhibit short lifetimes and may be better suited for studying
either rapid processes or when used in combination with time-lapse imaging.

2.2. Microscopes for Colocalization Studies

Single fluorescent biomolecules are often observed using either confocal or total internal
reflection fluorescence (TIRF) microscopy. These excitation schemes limit the excitation
volume to facilitate detection of single fluorophores with great sensitivity, and both methods
can be used for colocalization studies. Confocal methods, particularly when combined with
an alternating laser excitation (ALEX) protocol?, can detect complexes in dilute (< 1 nM)
solution that transiently pass through the excitation volume. TIRF microscopy, on the other
hand, relies on imaging complexes tethered to a glass surface but permits tracking individual
reaction trajectories over a range of time scales from milliseconds to hours. Herein we focus
primarily on the application of TIRF for single molecule colocalization experiments.
Specifics of confocal ALEX experiments and more general information on TIRF
microscopy and surface-tethering of biomolecules can be found elsewhere.*®

TIRF microscopes typically generate total internal reflection (TIR) by either focusing the
excitation lasers into a quartz prism or through a high numerical aperture (NA) objective
(Figure 2).° For the latter method, both the excitation and emission light pass through the
objective; consequently, the laser light must be removed from the fluorescence signal to
avoid saturating the detector. On commercial microscopes, this is often achieved by
isolating the fluorescence signal by passage through a series of filters and dichroic mirrors.
As more lasers and fluorophores are included in the colocalization experiment,
correspondingly more (or more sophisticated) optics are necessary. This increase in the
number of optical components may result in fewer photons reaching the detector and
reduced sensitivity. Recently, an alternative excitation scheme for objective-based TIR
called micromirror TIRF (mmTIRF) has been developed that eliminates the need for these
dichroic mirrors.

mmTIRF uses two very small (< 3 mm) broadband mirrors at the base of the objective to
direct the excitation into and out of the back aperture (Figure 2). Consequently, excitation
and emission light remain spatially separated. mmTIRF eliminates the need for many of the
wavelength selective optics in the excitation and emission pathways and results in high
photon collection efficiency.® Since broadband mirrors are used, multiple laser lines can
simultaneously be focused into the objective without the need for additional dichroic
mirrors.

After the fluorescence exits the mmTIRF objective, the emission signal is collected on an
EMCCD camera. Since the fluorescence emission contains light from multiple fluorophores,
it must be separated by wavelength in order to individually identify each fluorophore. This is
routinely accomplished with a “dualview” apparatus (Figure 2) that uses dichroic mirrors to
create two images (e.g., a short wavelength image < 635 nm and a long wavelength image >
635 nm) that are then projected onto the camera(s).’

2.3. Observation of Single Molecules

The most critical experimental parameter to consider in a single molecule colocalization
experiment is verifying that single molecules are, in fact, being imaged. If the imaging
surface is only sparsely decorated with tethered molecules, this results in a field of view
containing discrete spots of fluorescence that are well separated from one another (Figure
1a). For colocalization experiments containing higher surface densities, the location of each
molecule can be determined with very high precision by fitting each fluorescence spot to a
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2D Gaussian and determining its center with subpixel (and sometimes subnanometer)
accuracy.89 The presence of single molecules can also be validated with the observation of
single-step photobleaching profiles. Key to all of these measurements is a high level of
fluorophore incorporation to avoid populating the surface with “dark” molecules that can
lead to spurious results.

3. Transcription Initiation

The transcription of genetic material into protein-coding mMRNAs is a fundamental process
in all life forms and is carried out by macromolecular machines called RNA polymerases
(RNAPs). Without question, initiation of transcription is also one of the most highly
regulated processes in the cell since expression of a single gene can dramatically alter
cellular fate.10 Initiation has long been known to proceed through a series of reaction
intermediates (Figure 3a). First, RNAP and transcription factors associate with promoter
elements within the DNA. Since the DNA remains double stranded at this stage, this is
referred to as a “closed” complex. Conformational changes then occur in which the DNA is
melted and the single stranded template enters the RNAP active site forming “open”
complex. Once RNA synthesis has initiated and RNAP escapes the promoter, the highly
processive elongation complex is formed.11

While the general paradigm described above has been studied for decades, understanding the
detailed kinetics of transcription initiation, even within the simplest bacterial promoters and
operons, has proven to be a formidable challenge.? Due to the number of components
involved in transcription and the number of states those components can occupy, bulk
initiation assays can quickly become convoluted. Yet, defining the Kinetic features of
initiation is essential for understanding how organisms respond to their environment, how
genetic networks function, and how to rationally design synthetic gene circuits.13 Utilizing a
mmTIRF microscope along with Colocalization Single Molecule Spectroscopy (CoSMoS),
Friedman and Gelles have recently implemented colocalization assays to kinetically define
the mechanism of transcription initiation at an activator-dependent > bacterial promoter
for the first time.13

In order to study transcription from the ¢ transcription factor-dependent gInALG operon
promoter, Friedman and Gelles colocalized Alexa488™-labeled DNA templates with the E.
coli RNAP holoenzyme containing both RNAP and Cy3-0°4 (Figure 3b). Like many
eukaryotic promoters, transcription from glnALG was additionally dependent on the
presence of an activator protein (NtrC) that hydrolyzes ATP to promote the closed—open
transition. With all factors in place, addition of NTPs resulted in elongation, which was
detected by the loss of Cy3-0°* and the appearance of Cy5-labeled oligos annealing to the
RNA product (Figure 3b). A key feature of this experimental design was the ability to
distinguish productive initiation complexes that produced RNA transcripts from
unproductive RNAP binding and dissociation events. This distinction is enormously difficult
to carry out utilizing bulk assays. Using this system, Friedman and Gelles were able to vary
the experimental conditions to additionally probe different stages of bacterial promoter
recognition and transcription initiation by RNAP.

In the absence of NtrC and nucleotides, the RNAP/o°* holoenzyme is only capable of
forming a closed complex with the DNA template. By measuring the dwell times of RNAP/
Cy3-0°* holoenzyme spots that colocalized with DNA, Friedman and Gelles were able to
describe the kinetics of closed complex formation (Figure 3c). Surprisingly, they observed
two types of closed complex: a short-lived promoter-specific complex (tg=2.3s) and a
stable long-lived complex (T = 79 s) (Figure 3c). The short-lived complex proved to be a
precursor to formation of the long-lived complex, which itself was a precursor for formation
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of open complex. These results are consistent with proposals based on footprinting data that
an “early melted” DNA complex exists prior to open complex formation.1413 In this
scenario, the long-lived complex likely contains the “early-melted” DNA structure. Notably,
the formation of both closed complexes was reversible.

By including all components necessary for transcription and simultaneously monitoring loss
of Cy3-0°* and the appearance of Cy5-labeled transcripts, Friedman and Gelles further
showed that once open complexes were formed, they became kinetically stable and highly
likely to produce transcripts. Dissociation of the open complex proved to be >1,000-fold
slower than the conversion to elongation complex resulting in the high commitment of open
complexes for RNA synthesis. Further, Cy3-0°4 was nearly always lost and did not remain
bound to either the promoter or RNAP. Taken together with their data on closed complex
formation, Friedman and Gelles provided a thermodynamic rationale for the requirement of
the NtrC activator and ATP hydrolysis for transcription from a 6®* promoter and postulated
that activators cannot easily modulate transcription after open complex formation given
RNAP's high commitment towards elongation.

Transcription by human RNA polymerase Il (Pol I1) is more complicated than its bacterial
counterparts requiring, for example, more than 45 separate proteins for de novo Pol Il
initiation.18 Using a highly purified in vitro transcription system containing Pol Il and a host
of transcription factors (TFIIA, TFIIB, TFIID, TFIE, TFIIF, and TFIIH), Revyakin et al.
have successfully recapitulated transcription initiation on surface tethered DNA templates
and tracked RNA production with single molecule resolution.1® Developing this single
molecule assay was in itself a remarkable accomplishment. Because of the inefficiency of in
vitro human Pol 11 transcription (<0.1 transcript per DNA template per hour), the authors
imaged a large number of molecules (1000-3000) and over a long time period (=1 h) to
obtain a significant number of transcription events. This was accomplished by observing
thousands of templates simultaneously using a large 100 x 100 pm field of view, localizing
each template with a precision of < 20 nm, and fabricating an active microscope stage
stabilization system to compensate for sample drift. In order to successfully detect Pol 11
transcription, Revyakin and coworkers developed Cy3- and Cy5-labeled “floppy” probes
devoid of appreciable secondary structure (Figure 4a, b). Only these rationally designed
probes were capable of hybridizing to the nascent transcripts during the single molecule
assay.

Previous studies have hinted at the presence of a general transcription factor scaffold that
remains associated with DNA and poises the template for multiple rounds of transcription.1’
By counting the number of polymerase re-initiation events on the same DNA molecule,
Revyakin et al. directly showed that each round of transcription is independent and non-
cooperative with previous events. These data are inconsistent with scaffold-promoted re-
initation of transcription. The authors further employed quantum dot 565-labeled holo-
TFIID (Q-11D) to study this general transcription factor's interactions with the DNA
template during initiation. TFIID is itself an enormous macromolecular complex comprised
of 17 polypeptides including the TATA-box binding protein. Association of Q-11D with
immobilized DNA templates was monitored and correlated with the appearance of floppy
probes bound to productive transcription complexes (Figure 4b). The authors noted a long
wait time prior to the observation of Q-11D binding events (T,y,it = 1020 s), consistent with a
model that promoter binding by Q-I1D is a rate-limiting step in transcription initiation.
Taken together with their studies of transcription re-initiation, this result implies that the
human transcription machinery has not employed general transcription factor scaffolds to
avoid rate-limiting steps in initiation. This work, combined with the studies by Friedman and
Gelles, put single molecule colocalization methods at the forefront of techniques for
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providing mechanistic and kinetic insights into transcription initiation from bacteria to
humans.

4. Spliceosome Catalyzed RNA Splicing

In eukaryotes, the direct products of transcription are often precursor mMRNAs (pre-mRNAS)
that must be extensively edited to produce functional mMRNAs. In one series of editing steps,
non-coding intronic sequences are excised and exonic sequences are ligated together by pre-
mRNA splicing (Figure 5).18 Which sequences are kept in the mRNA and which are
removed is governed by alternative splicing: a phenomenon that potentially results in
multiple mMRNA sequences being produced from a single gene.

Splicing is catalyzed by a multi-megaDalton machine consisting of five RNA-protein
complexes called small nuclear ribonucleoproteins (SnRNPs) and dozens of other protein
factors.18 These components assemble into spliceosomes around each intron to be excised
(Figure 5). Assembly begins with U1 and U2 snRNPs associating with the 5’ splice site
(5’SS) and branch site (BS) of the pre-mRNA, respectively. This is then followed by
addition of the U4/U6.U5 tri-snRNP and the protein-only nineteen complex (NTC) (Figure
5). Assembled spliceosomes subsequently proceed through various stages of activation and
catalysis before the machinery is disassembled and the components are recycled.
Throughout splicing, extensive conformational and compositional dynamics of the
spliceosome result in accurate recognition of the splice sites and creation of the spliceosomal
active site. Since it is not yet possible to reconstitute spliceosome assembly from purified
components, many in vitro splicing assays are conducted in whole cell extracts (WCE) or by
affinity purifying spliceosomes from WCE post-assembly.

The inability to efficiently reconstitute many of the spliceosomal subcomplexes from
purified components represents a formidable challenge for studying spliceosome formation
by single molecule fluorescence. To overcome this obstacle, Hoskins et al. combined
chemical biology tools and genetic engineering to fluorescently label endogenous
spliceosomal subcomplexes in yeast whole cell extract (WCE).19 Hoskins et al. genetically
fused either SNAPZ0 or E. coli dihydrofolate reductase (eDHFR) tags?! (Figure 6a, b) to
protein components of the S cerevisiae spliceosome. The SNAP tag is a modified human
DNA repair enzyme that can form covalent adducts with benzylguanine-fluorophores.
eDHFR tags form tight complexes with fluorescently labeled trimethoprim (TMP)
analogs.2? These protein tags were then specifically derivitized with fluorophores in WCE,
thus creating fluorescent spliceosomes. Combined use of these orthogonal tags enabled
simultaneous monitoring of two different spliceosomal subcomplex interactions with
immobilized, fluorescent pre-mRNAs by CoSMoS (Figure 7a).

CoSMosS assays of spliceosome assembly on individual RP51A pre-mRNA molecules
revealed the relative binding times (e.g., tys and tys, Figure 7b) of each subcomplex.19
From these measurements, both the kinetics and order of addition of each subcomplex were
determined. Data obtained from these experiments showed that assembly on RP51A occurs
predominantly through the U1—U2—U4/U6.U5—NTC pathway and that pre-association of
the five snRNPs cannot be required to form functional spliceosomes. Kinetic analysis of the
CoSMoS data revealed that no single assembly step is rate limiting for the overall reaction.
Interestingly, Hoskins et al. observed that association of each subcomplex is reversible. This
implies that pre-mRNAs are not committed to splicing at early assembly steps, but rather the
probability of mMRNA formation increases with the arrival of each subcomplex. The ability
for spliceosomes to disassociate at multiple stages during assembly hints that these steps
could serve as potential points of regulation.
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Along with revealing new insights into the behavior of spliceosomal subcomplexes during
assembly, CoSMoS in combination with sSmFRET (FRET-CoSMoS) has been used to probe
pre-mRNA conformational rearrangements during assembly. By site-specifically labeling
RP51A pre-mRNA with a FRET acceptor (Cy5) near the 5’ SS and a FRET donor (Cy3)
upstream of the BS, Crawford et al. monitored the proximity of the 5’ SS and BS as
spliceosomes assembled (Figure 8a).23 Since spliceosome components were also labeled
with Atto488 SNAP tag fluorophores, conformational changes could be directly correlated
with the arrivals of specific subcomplexes (Figure 8a). The use of the dual-labeled pre-
mRNA additionally allowed splicing events to be detected directly by monitoring for loss of
the Cy3-labeled intron. Conformational changes occurring in catalytically active
spliceosomes could, therefore, be segregated from those occurring in dead end complexes.

Crawford et al. observed that labeled pre-mRNAs in buffer displayed a range of FRET
efficiencies (EpgreT) consistent with many possible conformations. Upon incubation with
yeast WCE, U1 binding was often accompanied by a shift towards lower Egget values (<
0.2, Figure 8b)—potentially indicative of an increase in distance between the 5’ SS and
BS.23 These low Epget values persisted through association of both the U2 snRNP and U4/
U6.U5 tri-snRNP. Only after association of the NTC, did splice site proximity substantially
increase. Significantly, these changes followed NTC binding and were not concomitant with
binding. This suggests that the splice sites are only brought closer to one another, potentially
in a catalytically competent conformation, after spliceosome activation and after all major
spliceosome components are present. This separation may be critical for preventing pre-
mature cleavage of the transcript or for facilitating spliceosome disassembly prior to intron
excision. Once the higher FRET state was reached, pre-mRNAs that ultimately spliced
showed a substantial increase in FRET dynamics prior to intron loss. The real-time
monitoring of both splice-site proximity and intron loss afforded by FRET-CoSMoS
provides an alternative to bulk assays (e.g., crosslinking) that may irreversibly trap transient
species and fail to distinguish between active spliceosomes and dead end complexes.

Colocalization techniques have also recently been applied to study human splicing factors.
Unlike their yeast counterparts, the vast majority of human pre-mRNAs are alternatively
spliced into different MRNAs.24 Alternative splicing is highly regulated by a number of
splicing regulatory proteins including polypyrimidine-tract binding protein (PTB).2>26 PTB
is essential for regulating the splicing of an array of transcripts in diverse human tissues?’,
and the mechanism(s) by which the regulation occurs remain a subject of intense
investigation.

Key to understanding potential mechanisms of splicing repression by PTB is determining
the stoichiometry of the pre-mRNA:PTB complex. However, like spliceosome assembly,
PTB:pre-mRNA complexes are often studied in nuclear cell extracts (NCE) using proteins
expressed at very low levels. To overcome this barrier, Cherny et al. used a single molecule
colocalization assay to study complex formation between PTB fusions with green
fluorescent protein (GFP) and Cy5-labeled RNAs containing exon 3 of the TPM1 pre-
mRNA along with flanking intronic sequence.?8 These complexes were assembled in NCE
before affinity purification in situ on a microscope slide. Using both photobleaching and
integrated intensity analysis, Cherny et al. showed that 5 or 6 molecules of PTB colocalized
with the RNA. These data exclude models in which many PTB proteins coat long stretches
(500 nt or more) of TPML to occlude splice sites and provide evidence for exon 3 repression
occurring by formation of more complex structures.

In addition to exon repression, alternative splicing can also occur through selection of
alternative splice sites by U1 or other subcomplexes within the same intronic sequence.
Work by Hodson et al. used colocalization experiments to analyze 5’ SS selection in pre-
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mRNAs that contain multiple 5 SS and determine if a single U1 could bind to multiple SS
or if multiple U1s would bind a single pre-mRNA.2° Hodson et al. fused a GFP variant to
the U1 snRNP protein U1A enabling colocalization of U1 with Cy5-labeled globin pre-
mMRNA. Similar to the experiments described above with PTB, Hodson et al. first incubated
fluorescent, biotinylated globin pre-mRNAs containing variable numbers of 5° SS with NCE
containing fluorescent U1. This was then followed by in situ purification and colocalization
analysis. By counting the number of U1s bound to each pre-mRNA, they were able to
conclude that superfluous U1 snRNPs were ejected in the presence of ATP. Thus, ATP-
dependent association of other factors onto the substrate may facilitate removing U1
snRNPs not destined for spliceosome assembly. While the mechanisms of how secondary
U1 snRNPs are removed are still unknown, colocalization spectroscopy has yielded new
insights into this process by providing detailed stoichiometric information that is typically
inaccessible by other techniques.

5. Ribosomal Translation of mRNAs

Mature mMRNAs are translated by the ribosome into proteins. The ribosome is a
macromolecular complex composed of RNAs and proteins that must come together on
mMRNA to catalyze protein synthesis. Once the complex is assembled, aminoacylated tRNAs
are then escorted to the ribosome, codon/anticodon interactions with the mRNA are formed,
and amino acid transfer occurs to produce a nascent polypeptide.3° The ribosome has been
the focus of many single molecule investigations31:32 and several steps in protein synthesis
catalyzed by the E. coli ribosome have additionally been investigated by single molecule
colocalization techniques.

The cellular abundance of the translation machinery is much higher than that of either
RNAP or splicing factors.33:34 Efficient translation has evolved to require uM or higher
concentrations of tRNAs, initiation factors and elongation factors. This is well beyond the
limit for discerning surface-tethered fluorophores above background fluorescence by
conventional TIRF microscopy. As an alternative approach, Puglisi and coworkers have
pioneered the use of zero mode waveguides (ZMWSs) in combination with colocalization
techniques to investigate translation. As illustrated in Figure 9, ZMWs are microfabricated,
metallic structures deposited on optically transparent substrates.3> The structures contain
small chambers with diameters (50-200 nm) smaller than the wavelengths of light typically
used to excite fluorophores in a single molecule experiment. These small reaction chambers
optically confine the observation volume to a few zeptoliters (10721 I). This greatly reduces
background fluorescence and permits the use of much higher concentrations of fluorescent
molecules. Most importantly, this small volume permits single molecule experiments to be
carried out at physiologically relevant concentrations of biomolecules and ligands.

Similar to spliceosomes, ribosomes are also assembled from individual subcomplexes on
their substrates in a process involving a number of discrete steps and regulated by many
different factors.36 While the components and kinetics of translation initiation have been
well studied using a variety of methods,37:38 many important questions remain unresolved
concerning assembly order and coordination between initiation factors. To address these
issues, Tsai et al. assayed the timing of different factors arriving and dissociating during
translation initiation using single molecule colocalization in ZMWs.3°

In experiments containing Cy3-labeled fMet-tRNA™Et Cy5-labeled initiation factor 2 (IF2),
Alexad88™-labeled 30S ribosomal subunits, and Cy3.5-labeled 50S subunits, Tsai et al.
were able to determine the binding order between IF2 and fMet-tRNAMet tg the 30S subunit
(Figure 10a, b).39 In the most frequently observed pathway (Figure 10b, c), IF2 and initiator
tRNA bound simultaneously within the time resolution of the experiment to form the 30S
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pre-initiation complex (PIC). Similar to the FRET-CoSMoS studies of spliceosome
assembly that utilized intron loss as a metric to identify functional spliceosomes, binding of
the 50S subunit was used to identify formation of functional PICs. By combining data from
many single molecules, Tsai et al. concluded that PIC assembly proceeded through
heterogeneous pathways that were highly tunable depending on the concentration of each
factor (Figure 10c).

Tsai et al. additionally discovered that IF2 departure from the assembled 70S complex
provided an essential switch from initiation to translation elongation.3? In experiments that
colocalized Cy3-fMet-tRNAMet [oaded onto the 30S PIC, Cy3.5-50S subunits, Cy5-1F2,
and Cy2-tRNAP"e (the cognate tRNA for the second codon of the mRNA), a lag phase
between presumptive GTP hydrolysis by IF2 and stable tRNAP"€ association was observed.
Stabilizing IF2 binding by the addition of a non-hydrolyzable nucleotide analog, GDPNP,
resulted in transient binding of tRNAPMe, This indicates that the tRNA may sample the
initiation complex prior to elongation but cannot stably associate. Thus, both IF2 and GTP
hydrolysis act as essential “guides” for elongation-competent ribosome formation.

In the elongating ribosome, tRNAs are transferred between three binding sites: the A, P and
E sites.30 Elongation occurs by binding of aminoacylated tRNAs to the ribosomal A site
followed by peptidyl transfer from the tRNA located in the P site. tRNAs are then
translocated as the ribosome moves forward one codon such that the P site tRNA now
occupies the E site prior to ejection and the A site tRNA harboring the nascent polypeptide
is transferred to the P site (Figure 11a). Utilizing ZMWs and colocalization methods,
Uemura et al. were able to watch individual tRNAs move within the ribosome in real time
by colocalizing different fluorescently labeled tRNAs with an immobilized mMRNA in
complex with a 70S ribosome.#0 These experiments probed how ejection of the E site tRNA
was coupled to arrival of the A site aminoacyl tRNA. Uemura et al. almost never observed
ribosomes that simultaneously contained three tRNA molecules. In fact, no correlation
between arrivals of tRNAs at the A site and tRNA departures at the E site could be found.
Thus, tRNAs are rapidly dissociated from the E site independent on the arrival of a tRNA to
the A site.

In addition to tRNA movement during translation, the ribosome itself undergoes significant
conformational rearrangements during each round of peptidyl transfer. During elongation,
the ribosome undergoes a rotation of the small subunit relative to the large subunit known as
a “ratcheting”.#1:424344 Thjs ratcheting motion is essential for formation of the hybrid
tRNA state that leads ultimately to translocation (Figure 11a). Again using ZMWSs, Chen et
al. followed ribosome conformational changes during translocation using a single molecule
colocalization approach.®® In this particular experimental design, ribosome ratcheting was
detected by monitoring fluorescence signals from Cy3B-labeled 30S subunits bound to 50S
subunits containing a nonfluorescent FRET acceptor (i.e., a quencher, Figure 11b). In the
non-rotated state, the Cy3B and quencher were proximal leading to high FRET and a low
Cy3B fluorescence signal. However, in the rotated state FRET was reduced leading to an
increase in Cy3B fluorescence. Similar to the FRET-CoSMoS approach used to study
spliceosome assembly, the fluorescence of Cy3B was then used to report on ribosome
conformation as a function of colocalization with Cy5-labeled tRNA or elongation factor G
(EF-G) (Figure 11b).

Colocalization of Cy5-EF-G with translating ribosomes indicated that EF-G binding
precedes translocation, but does not necessarily induce translocation.*® EF-G departure was
completely uncoupled from ribosomal ratcheting. Upon kinetic analysis of EF-G binding
events, it appeared that binding of EF-G does not always result in GTP hydrolysis: only a
subset of EF-G binding events lead to GTP hydrolysis and subsequent translocation. Further,
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the authors observed that EF-G arrives more quickly to and dissociates more slowly from
the ratcheted ribosome state than to the classical state. In contrast, the tRNA-EF-Tu-GTP
ternary complex preferentially binds the classical state. This segregation of ribosome
binding states for elongation factors uncovered by Chen et al. helps to explain the
conundrum of why EF-Tu ternary complexes and EF-G do not competitively inhibit each
other during translation. In sum, this recent trio of manuscripts exemplifies the utility of
combining nanostructured devices with colocalization techniques for studying cellular
machines under conditions that replicate in vivo Kinetics.

6. Summary and Perspective

As described above, colocalization studies have significantly advanced our understanding of
transcription, splicing, and translation. In addition, these methods have already been applied
to a number of other biological processes. Single molecule colocalization has provided new
insights into systems as diverse as telomerase6, nucleosomes*’, viral packaging?8, and
branched actin network formation.*® To one degree or another, all of these studies exploit
single molecule colocalization's ability to track reactions in real-time and to correlate
specific events along the reaction pathway with the molecular composition of individual
complexes.

As evidenced by the utility of combining colocalization studies with FRET or ZMWs, the
blending of colocalization methods with other technologies will likely expand this technique
to new realms. In addition to ZMWs, other tools have been developed to permit use of
higher concentrations of fluorescent ligands in TIRF microscopy. Both Photoactivation
Diffusion Excitation (PhaDE)*° and Convex Lens Induced Confinement (CLIC)! provide
alternatives to ZMWs that require less specialized instrumentation and microfabrication
techniques. Both CLIC and PhaDE should be compatible with a number of colocalization
experiments. Anti-Brownian Electrophoretic (ABEL) traps, on the other hand, may permit
colocalization experiments to be performed on the second timescale without the need for
surface tethering.>2:53 Recently, single molecule fluorescence experiments have been
combined with single molecule force analysis.>#>> While the high power trapping lasers
increase the likelihood of photobleaching of common fluorophores (“opticution™), the new
insights that could be gained by monitoring force as a function of colocalization of
biomolecules should spur further developments.

Ultimately, the goal of many single molecule laboratories is to develop methods for studying
single biomolecules in vivo. Colocalization assays represent a unique challenge for
experiments carried out inside the cell. A number of super-resolution methods (e.g.,
STORM, PALM)>6 can be used to observe single molecules in vivo. However, expanding
these methods to studies of colocalization is nontrivial since the stochastic nature of these
imaging methods may reduce the probability of two fluorophores that are part of the same
biomolecular complex being imaged. Nonetheless, super-resolution colocalization
experiments combined with fluorescence in situ hybridization (FISH) has enabled
identification of MRNAs in fixed yeast cells.5” Lubeck and Cai colocalized multiple FISH
probes containing different colored fluorophores to a particular mRNA with high precision
by Gaussian fitting of the colocalized spots. This combination of colors generated a visual
barcode for the transcript. Extending this result permitted combinatorial labeling and
simultaneous visualization of 32 different RNAs in yeast.

Recently, several groups have made great strides in single molecule colocalization in live
cells using a variety of approaches. Reyes-Lamothe and coworkers have used slimfield
microscopy of living E. coli to study DNA replication.>® Replisome components fused to
yellow fluorescent protein (YPet) were counted as they colocalized to replication forks. In
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live yeast, transcription kinetics have been monitored by colocalizing two different colored
fluorescent proteins to the same transcript.>® In mouse embryonic fibroblasts, Griinwald and
Singer have used super-registration colocalization microscopy to study interactions between
an actin mRNA harboring multiple copies of yellow fluorescent protein and the nuclear pore
complex labeled with a red fluorescent protein (tandem dimer tomato).59 Using this
microscopic assay, they were able to determine that docking/undocking of the mRNA to the
nuclear pore and not transport is rate-limiting for mMRNA entry to the cytoplasm. Common to
all of these approaches is the combination of genetic and fluorescence microscopy tools to
elucidate biochemistry in vivo. Experiments such as these show the potential for
colocalization methods to provide unique insights into cell biology and ensure that
colocalization single molecule microscopy will continue to yield new discoveries into the
most complex cellular processes.
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Figure 1.

a) Schematic of a single molecule colocalization experiment. Images (center circles) can be
acquired using three different excitation wavelengths (Alexa488™, 488nm, blue; Cy3,
532nm, green; Cy5, 633nm, red). The images show fluorescently labeled molecules as
diffraction limited spots. A surface tethered molecule (top box) labeled with Alexa488™
interacting with a Cy3-labeled partner (grey circle, green star) will appear as colocalized
spots in the blue and green images. Another surface tethered molecule (bottom box)
interacting with both Cy3- and Cy5-labeled partners (the latter represented by orange circles
with red stars) will appear as colocalized spots in the blue, green, and red images. b) A plot
of excitation spectra for selected organic fluorophores useful for single molecule
colocalization experiments.®1 c) A plot of emission spectra for the same fluorophores as in
1b.61 The fluorophores depicted in 1b and 1c show well separated fluorescence excitation
and emission spectra suitable for multi-wavelength colocalization experiments.
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Figure 2.

The basic components of an objective-based mmTIRF microscope. This diagram shows
simultaneous excitation using both a red and green laser (red and green lines). The beams
are combined using longpass dichroic mirrors and directed onto the back aperture of the
objective using a micromirror. TIR occurs at the interface of the slide and the solution
containing the fluorescent sample resulting in selective excitation of molecules near the
surface. The excitation beam is directed out of the objective and away from the emission
path using a second micromirror. The emission signal from the excited fluorophores (shown
in the center of the objective) is directed to the EMCCD camera using a 45° mirror. Residual
laser light can be removed using filters. In this diagram, emission signal from the green
fluorophore is spatially separated from the red fluorophore emission using a dualview
apparatus. The emission signals are focused onto an EMCCD camera — generating separate
images for the green and red fluorophores.
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a) During bacterial transcription initiation, the RNAP holoenzyme first recognizes and binds
to promoter DNA to form the closed complex (RP¢). Upon DNA melting, open complex
(RPy) is formed. Finally, RNAP escapes the promoter to form the elongation complex. b)
Experimental setup for CoSMoS analysis of bacterial transcription initiation by Friedman
and Gelles. DNA templates were immobilized on a glass surface and labeled with
Alexa488™ (blue star). Binding of the o®*-RNAP holoenzyme to the template was
monitored by colocalization of the DNA and Cy3-labeled o°* (green star). Production of
RNA was then detected by hybridization of Cy5-labeled DNA oligos and colocalization
with the DNA templates and RNAP holoenzyme. ¢) In an experiment colocalizing RNAP
holoenzyme with template DNA in the absence of the NtrC activator, two dwell times were
detected following histogram analysis of 6®*-RNAP spot duration. The data were consistent
with the formation of two closed complexes being present in the initiation pathway. Images
and data were reproduced in this figure from reference 13 and with permission from
Elsevier.
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a) Experimental design employed by Revyakin et al. to detect single Pol Il transcription
complexes by colocalizing DNA template molecules with Cy3- and Cy5-labeled floppy
probes complementary to the transcript. Immobilized Cy5-DNA templates were imaged,
their locations determined, and photobleached prior to addition of the transcription assay
components. b) To monitor both transcription and dynamics of the eukaryotic general
transcription factors, Revyakin et al. labeled the multicomponent TFIID transcription factor
with a quantum dot (QDot 565) and colocalized TFIID fluorescence with DNA templates
and Cyb5-labeled probes.
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Pre-mRNAs contain introns (lines) that are removed by the spliceosome along with
concomitant ligation of protein-coding exons (boxes) to produce mRNAs. The major
subcomplexes of the spliceosome (the U1 and U2 snRNPs, the U4/U6.U5 tri-snRNP, and
the protein-only NTC) assemble stepwise on each intron to carry out the splicing reaction
with the help of a number of additional trans-acting factors (not shown).
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Figure®6.

Preparation of fluorescent proteins by fusion to either the SNAP or eDHFR tags. a) Protein-
SNAP fusions can be covalently labeled by reaction with benzylguanine dye conjugates. The
fluorophore is transferred to an active site cysteine and guanine is released. b) Protein-
eDHFR fusions can be non-covalently labeled by incubation with fluorescent derivatives of
TMP to form a very tight enzyme-inhibitor complex.
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a) Schematic of a CoSMoS experiment designed to study spliceosome assembly. The
experiment contains a pre-mRNA fluorescently labeled with Alexa488™ and tethered to a
slide surface over which yeast WCE containing Cy5-DHFR-U1 and Dy549-SNAP-U2 is
flowed. Spliceosomes then proceed to assemble on the substrate. b) Fluorescence intensity
traces generated from the CoSMoS experiment described in 7a. High fluorescence intensity
indicates the presence of the fluorescently labeled ShRNP. The black and red traces
represent the labeled U1 and U2 respectively. The dashed lines ty1 and ty, mark times at
which U1 and U2 associated with the pre-mRNA. This data would indicate that U1 binding
precedes U2 association. Data reproduced in this figure from reference 19.
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a) For a FRET-CoSMoS experiment, Crawford et al. surface-tethered a pre-mRNA construct
containing a FRET donor (Cy3) near the BS and a FRET acceptor (Cy5) near the 5’SS to
report on pre-mRNA conformation. FRET efficiency was then correlated with the arrival or
departure of labeled spliceosome subcomplexes (e.g., Atto488 labeled U1). b) Images
showing the FRET efficiency (intensity of Cy5 signal) before and after the arrival of U1.
Before U1 arrival (left) there is a strong fluorescent signal from the FRET acceptor (five
images top left) and no signal from U1 (single image bottom left). After the arrival of Ul
(single image, bottom right) there is a decrease in fluorescence intensity from the FRET
acceptor. These results are consistent with the splice sites moving further apart when the
pre-mRNA is occupied by U1. Images reproduced in this figure from reference 23 and with
permission from the National Academy Sciences of the United States of America.
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A cartoon depiction of a zero mode waveguide (ZMW) being used to study bacterial
translation initiation. Each waveguide represents a nanometer-scale reaction chamber and
many thousands of ZMWs can be imaged simultaneously. The dimensions of the waveguide
result in a great reduction in background fluorescence. Fluorescently labeled components
(here, Cy3-fMet-tRNA™et and Cy5-1F2) can be added in solution to near physiological
concentrations without obstructing observation, thus enabling the study of translation at the
single molecule level.
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Figure 10.
a) Design of a 4-color colocalization assay for studying bacterial translation initiation. Cy3-
fMet-tRNA™MEt (green) and Cy5-labeled IF2 (red) associate with Alexa488™-labeled 30S
subunits (blue) bound to mMRNA. Subsequently, the Cy3.5-labeled 50S subunit (orange)
joins to form a catalytically competent ribosome. b) Representative fluorescence intensity
traces indicating the timing of the arrival and departure of each fluorescently labeled
component illustrated in part (a) and using the same color scheme. Here, IF2 and fMet-
tRNA™Met hind to the 30S-mRNA complex simultaneously to form the 30S PIC. Appearance
of the Cy3.5-50S subunit was used to discern correctly assembled PICs from dead end
complexes. ¢) Gathering data from many initiation events revealed that productive PICs can
form either by IF2 first, tRNA first, or IF2/tRNA coincident binding pathways. The fractions
of PICs formed from each pathway are shown in red. Images and data were reproduced in
this figure from reference 39 and with permission from Nature Publishing Group.
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a) A cartoon representation of key steps in peptide bond formation by the ribosome and
translocation along mRNA. The ribosome contains three sites for tRNA binding: the A, P,
and E sites. Following peptidyl transfer, the ribosomal subunits undergo conformational
dynamics between rotated and non-rotated states. EF-G binding and hydrolysis of GTP leads
to successful translocation of the ribosome along the mMRNA and concomitant transfer of the
P and A site tRNAs to the E and P sites, respectively. The aminoacylated tRNA cognate to
the next codon is now free to enter the empty A site. b) Chen et al. correlated ribosome
conformation and Cy5-labeled EF-G binding by combining FRET with colocalization assays
in ZMWs. Ribosomes were labeled with a FRET donor (Cy3B) in the 30S subunit and
FRET quencher (BHQ) in the 50S subunit. Close proximity of Cy3B and BHQ in the
nonrotated state caused a decrease in Cy3B signal and an increase in FRET to the quencher.
Rotation of the ribosome resulted in decreased FRET and an increase in Cy3B signal. Single
molecule data showed ribosomes fluctuating between rotated and nonrotated states with EF-
G preferentially binding the rotated state. Images and data were reproduced in this figure
from reference 45 and with permission from Nature Publishing Group.
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