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24 SUMMARY:
25  Tracking individual translation events allows for high-resolution kinetic studies of cap-
26 dependent translation mechanisms. Here we demonstrate an in vitro single-molecule assay
27 based on imaging interactions between fluorescently labeled antibodies and epitope-tagged
28 nascent peptides. This method enables single-molecule characterization of initiation and
29  peptide elongation kinetics during active in vitro cap-dependent translation.
30
31 ABSTRACT:
32 Cap-dependent protein synthesis is the predominant translation pathway in eukaryotic cells.
33  While various biochemical and genetic approaches have allowed extensive studies of cap-
34  dependent translation and its regulation, high resolution kinetic characterization of this
35 translation pathway is still lacking. Recently, we developed an in vitro assay to measure cap-
36 dependent translation kinetics with single-molecule resolution. The assay is based on
37  fluorescently labeled antibody binding to nascent epitope-tagged polypeptide. By imaging the
38 binding and dissociation of antibodies to and from nascent peptide—ribosome—-mRNA
39 complexes, the translation progression on individual mRNAs can be tracked. Here, we present a
40  protocol for establishing this assay, including mRNA and PEGylated slide preparations, real-time
41 imaging of translation, and analysis of single molecule trajectories. This assay enables tracking
42  of individual cap-dependent translation events and resolves key translation kinetics, such as
43  initiation and elongation rates. The assay can be widely applied to distinct translation systems
44  and should broadly benefit in vitro studies of cap-dependent translation kinetics and
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translational control mechanisms.

INTRODUCTION:

Translation in eukaryotic systems occurs predominantly through 7-methylguanosine cap-
dependent pathways!. Studies indicate that the initiation step of eukaryotic translation is rate-
limiting and a common target for regulation?*. Mechanisms of cap-dependent translation have
been extensively studied using genetic®, biochemical®®, structural®, and genomic!® bulk
approaches. Although these methods have identified diverse mechanisms that regulate cap-
dependent initiation, their resolution limits them to ensemble averaging of signals from
heterogeneous and asynchronous initiation events. More recently, individual in vivo translation
events have been visualized by methods that measure fluorescent antibody binding to epitopes
on nascent polypeptides!!'4, However, these new approaches are also limited in their ability to
resolve individual initiation events because multiple fluorescent antibodies must bind a nascent
peptide to allow single translation events to be resolved from a high intracellular fluorescence
background. In many biological interactions, resolved individual kinetic events have provided
critical insights into understanding complex multistep and repetitive biological processes that
are not possible to synchronize at the molecular level. New methods that can track the
dynamics of individual translation events are needed for a better understanding of cap-
dependent initiation and regulation.

We recently developed an in vitro assay that measures cap-dependent initiation kinetics with
single-molecule resolution'®. Considering the large number of known and unknown protein
factors involved in this initiation pathway3®, the single-molecule assay was developed to be
compatible with existing in vitro cell-free translation systems to benefit from their preservation
of cellular factors and robust translation activity!’-?>. Furthermore, the use of cell-free
translation systems allows more compatible comparisons between single-molecule
observations and previous bulk results. This approach provides a straight-forward integration of
new single-molecule kinetic insights into the existing mechanistic framework of cap-dependent
initiation. To establish the single-molecule assay, the traditional cell-free translation system is
modified in three ways: an epitope-encoding sequence is inserted at the beginning of the open
reading frame (ORF) of a reporter mRNA; the 3’ end of the reporter mRNA is biotinylated to
facilitate mRNA end-tethering to single-molecule detection surface; and fluorescently-labeled
antibodies are supplemented to the translation extract. These modifications require only basic
molecular biology techniques and commonly available reagents. Furthermore, these
modifications and the single-molecule imaging conditions preserve the translation kinetics of
bulk cell-free translation reactions?®.

In this assay (Figure 1), 5’-end capped and 3’-end biotinylated reporter mRNA is immobilized to
a streptavidin-coated detection surface in a flow chamber. The flow chamber is then filled with
a cell-free translation mixture supplemented with fluorescently labeled antibodies. After mRNA
translation has occurred for approximately 30-40 codons downstream of the epitope
sequence?®?’, the epitope emerges from the ribosome exit tunnel and becomes accessible to
interact with fluorescently-labeled antibody. This interaction is rapid and its detection by single-
molecule fluorescence imaging techniques enables tracking of translation kinetics with single-
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molecule resolution during active cell-free translation. This assay should broadly benefit in vitro
studies of cap-dependent translation kinetics and its regulation, particularly for systems with a
working bulk in vitro assay.

A prerequisite for establishing this single-molecule assay is a working bulk cell-free translation
assay, which can be achieved using translation extract that is either commercially available or
prepared following previously described methods?®. Eukaryotic translation extract can be
obtained from diverse cells, including fungal, mammalian, and plant?. For imaging, this assay
requires a TIRF microscope equipped with tunable laser intensity and incident angle, a
motorized sample stage, a motorized fluidics system, and sample temperature control device.
Such requirements are generic for modern in vitro single-molecule TIRF experiments and may
be achieved differently. The experiment presented here uses an objective-type TIRF system
made up of commercially available microscope, software, and accessories all listed in the Table
of Materials.

PROTOCOL:
1. Generation of reporter mRNA

1.1. Modify a DNA transcription template that encodes a bulk-assay “untagged” reporter mRNA
by inserting an N-terminus epitope tag-encoding sequence to generate a DNA transcription
template for a “tagged” reporter mRNA (Figure 2A).

NOTE: 3xFLAG/anti-FLAG interaction is recommended for this assay due to its superior
sensitivity and the short 3xFLAG tag length. However, the assay is compatible with other
epitope/antibody pairs.

1.2. Synthesize untagged and tagged RNAs using linearized DNA templates and an in vitro
transcription kit (see Table of Materials). Typically, 10-20 pmol of in vitro transcribed RNA is
sufficient for subsequent RNA processing to allow a systematic single-molecule study.

1.3. Cap the RNA 5’ end (Figure 2B) with an m’G capping kit (see Table of Materials) following
the manufacturer’s recommendation.

1.4. Biotinylate the RNA 3’ end (Figure 2B) using a biotinylation kit (see Table of Materials) as
per the protocol provided with the kit. Purify RNAs by phenol-chloroform extraction followed
by purification with a spin column. Elute RNA in 10-20 uL of RNase-free water. Approximately
40-50% of the uncapped input RNA is recovered.

1.6. Assess RNA integrity and concentration by denaturing acrylamide gel electrophoresis and
RNA staining, as described previously?°.

1.7. Perform bulk cell-free translation3® with the 3’-end-biotinylated tagged reporter mRNA to
confirm that the modified mRNA preserves the translation properties that are of interest. As an



133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176

example, cap-dependent translation can be confirmed by measuring and comparing reporter
activities in bulk cell-free translation reactions with uncapped and capped reporter mRNAs (see
Representative Results).

2. Flow chamber preparation

2.1. Select an appropriate coverslip thickness, as specified by the microscope objective spec
sheet. Select a glass or quartz slide for objective- or prism-type total internal reflection
fluorescence (TIRF) imaging systems3?, respectively.

2.2. Perform cleaning, salinization, PEGylation, and chamber assembly of coverslip and slides
following the protocol described by Chandradoss et al.3? with the following modifications.

2.2.1. Wash slides containing drilled holes in 10% alkaline liquid detergent (v/v) for 20 min with
sonication. Combine the slides and coverslips for all remaining cleaning steps.

2.2.2. Skip the acetone wash step. Extend the Piranha etching incubation time from 20 min to 1
h. Incubate the first-round PEGylation for 3 h. Incubate the second-round PEGylation with
MS(PEG)4 for 3 h.

3. Equipment preparation

3.1. At least 3 h before performing a single-molecule experiment, turn on the microscope
incubator and reduce the airflow to a low rate to avoid excessive acoustic disturbance of
experiments. Set the incubator temperature to the optimal temperature for the cell-free
translation system.

NOTE: Translation is extremely sensitive to temperature. The optimal reaction temperature is
specific for each cell extract system. Reaction temperature characterization is a vital step in the
development of a bulk cell-free translation system. This single-molecule assay should be
conducted under the same optimal temperature as the corresponding bulk translation
condition.

3.2. At least 1 h before performing a single-molecule experiment turn the laser on by pressing
the laser power button behind the laser box, turn the laser safety key, and press the start
button; turn on the microscope and tap on the touch screen control panel to select the imaging
mode, objective, and filter set.

3.3. Turn on the EMCCD camera, the Prior stage controller, and the syringe pump by pressing
their power buttons. Turn on the computer and open software Andor Solis (software 1) to
control the EMCCD camera, TirfCtrl (software 2) to control the laser, PriorTest (software 3) to
control the motorized stage, and Coolterm to control the syringe pump. Allow the camera to
cool and stabilize to its designated working temperature before data acquisition begins.
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3.4. In software 2, confirm that the correct parameters are set for laser wavelength, objective
type, and refractive index of glass and sample. Click the Connect button and to set the laser
intensity, click the Control button next to the laser wavelength, then in the laser control pop up
window, drag the intensity slide bar. Set the laser to the desired angle by dragging the fiber
position slide bar or inputting the corresponding penetration depth. Ensure that the Shutter
box is checked to maintain the laser in the Off mode when not imaging.

NOTE: Open and close the laser shutter by checking the Shutter box. When initially establishing
the assay, different laser intensities and incident angles should be tested for optimal single-
molecule detection. The optimal laser intensity balances bright single-molecule fluorescence
and fast photobleaching of the fluorophores. The incident angle should be increased beyond
the critical angle to reduce the high fluorescent background from the diffusing labeled
antibodies until mRNA-bound antibodies are clearly resolved. As a reference, a 532 nm laser
was set to 10 uW at the objective with the laser incident angle set to 71.5° in a study?® using
Cy3-labeled anti-FLAG with a labeling ratio of 2—7 dyes per antibody.

3.5. In software 1, choose Kinetic under the Acquisition Mode, input the parameters for
exposure time, kinetic series length, and EM gain value. Choose the directory and assign
filenames for saving the data image file.

3.6. Set the syringe pump to a modest to fast flow rate for the subsequent tubing washing step.
Pipette an aliquot of 70% ethanol into a microfuge tube, insert the syringe pump tubing end
into the ethanol solution, and use Coolterm to toggle the syringe pump between withdraw and
dispense modes three times to wash the tubing. Repeat using RNase-free water.

NOTE: The tubing length must be long enough to allow the translation mix to be dispensed at
step 5 to only contact the tubing, not the syringe. The rinse volume here should be greater than
the volume of dispensed translation mix to ensure that the translation mix at step 5 remains in
contact with sanitized tubing.

3.7. After the final water rinse has been dispensed, remove residual water from the inside of
the tubing by dabbing the tubing end on a clean tissue wipe. Maintain the tubing end dry by
setting it into a clean microfuge tube.

4. Immobilization of 3'-end biotinylated mRNA

4.1. Maintain the cell extract and translation mix frozen on dry ice until just before their use.
Thaw the remaining frozen reagents and maintain them on ice.

4.2. Place the flow chamber into the microscope sample holder with the coverslip side facing
down and secure it in place with tape. Use tape to cover the inlets and outlets of flow channels

that are not in use.

4.3. Pipette a 1.5x volume (relative to channel volume; also applies to other steps in step 4 and
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step 5) of 0.2 mg/mL streptavidin into the flow channel and incubate for 10 min at room
temperature.

4.4. To remove unbound streptavidin, wash the channel three times by pipetting in a 3x volume
of T50 wash buffer (20 mM Tris HCI, pH 7.0, 50 mM NaCl, 0.2 U/uL RNase inhibition reagent)
per wash.

NOTE: It is important to prevent liquid waste from flowing back into the channel. If the outlet of
the flow channel is not connected to a waste collection tube, place a folded tissue paper near
the outlet to absorb the liquid that flows out of the channel.

4.5 Transfer the translation extract and mix from dry ice to ice and allow them to thaw.

4.6. Put a drop of immersion oil on the objective. Place the microscope sample holder with the
flow chamber into the microscope stage. Bring the objective close to the coverslip until
immersion oil on the objective contacts the coverslip. Move the sample stage so that the
position of the flow channel is directly above the objective lens.

4.7. In software 2, open the laser shutter and adjust the laser intensity level

4.8. On the microscope control touch screen, select the Focus tab and click the Focus Search
and Start button. A beep is heard when a focus plane is successfully achieved.

4.9. Image the flow channel surface in Live mode in software 1. Optimize the focus for a
sharper image by adjusting the objective position with the fine step control on the touch
screen.

4.10. In software 3, move the stage to evaluate the level of fluorescence background at various
areas of the flow channel detection surface. If the fluorescence is low, continue with the
experiment. If the fluorescence background is excessively high, consider discarding the flow
channel.

4.11. In software 2, close the laser shutter.

4.12. Pipette out the T50 wash buffer from the flow channel and immediately pipette in a 2x
volume of biotinylated mRNA solution to the flow channel. Incubate for 15 min.

NOTE: For each batch of mRNA preparation, mRNA concentrations and incubation times should
be tested to achieve the mRNA surface density necessary for single-molecule detection.
Appropriate mRNA surface density mediates antibody binding that shows fluorescent spots
with no more than ~5% overlapping (see Representative Results). As a starting point,
biotinylated mRNA at a concentration of 2-20 nM is recommended.

4.13. Wash the channel three times by pipetting a 3x volume of translation compatible buffer
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per wash.
5. Translation mix assembly and delivery to a flow channel for single-molecule detection

5.1. On ice, assemble 3x volumes of the translation mix3° in a microcentrifuge tube following
the bulk translation protocol from step 1.7, except omit mRNA and supplement with an
optimized concentration of fluorescently labeled antibodies. Briefly spin the microcentrifuge
tube to collect the translation mix at the bottom of the tube.

NOTE: When establishing the assay, different antibody concentrations are tested. The optimal
concentration shows low amounts of nonspecific antibody binding to the detection surface and
fast antibody binding to the nascent peptide (see steps 7.1. and 7.2., respectively, for assay
calibration details).

5.2. Transfer the translation mix to the inside of a 0.7 mL microfuge tube cap. Set the syringe
pump to the withdraw mode. Insert the pump tubing end into the translation mix. Start the
syringe withdrawal to collect the translation mix into the pump tubing. Reverse the syringe
pump setting to the dispensing mode and set the flow to an optimal rate for translation mix
delivery.

NOTE: Avoid generating bubbles in the translation mix when transferring it into the pump
tubing. Avoid withdrawing the translation mix too deep into the part of the tubing that was not
sanitized and rinsed in step 3.6. When establishing the assay, different delivery flow rates are
tested to determine the optimal rate (see step 6.2. for details on assay calibration).

5.3. If there is a gap between the tubing end and translation mixture, start the syringe pump
and allow the translation mixture to reach the tubing end, then stop the syringe pump.

5.4. Insert the pump tubing end into the inlet of the flow channel. Avoid introducing air bubbles
into the translation mix when performing the connection. Stabilize the connection by screwing
the custom-made metal bracket onto the microscope sample holder plate. Assess the
microscope focus and imaging area fluorescence.

NOTE: The tubing can be clamped to the flow chamber with a custom part as previously
described33, Other types of fluidics system can also be used for this assay®*. The field of view
should appear similar before and after connecting the tubing. If more fluorescent spots appear
after the connection, the translation mix is likely leaking from the delivery tubing. Depending on
the application, the channel with leaked translation mix may need to be discarded.

5.5. Confirm that the movie acquisition parameters are correct and that the appropriate
filename and directory have been entered for saving files.

5.6. Move the stage to image an area in the center of the flow channel detection surface. On
the microscope control touch screen, select the Continuous AF tab and click the Focus Search
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and Start button to maintain the focal position during the experiment. A beep is heard when a
focus plane is successfully achieved.

5.7. In software 2, open the laser shutter. In software 1, click the Take Signal button to start
recording. After approximately 5 s of recording, enter the Run command in Coolterm to deliver
the translation mix into the flow channel. Record for up to 2 h with a time resolution of 0.5-2
s/frame.

NOTE: The maximum span of data acquisition depends on how fast the translation extract loses
activity over time, which can be conveniently characterized by performing bulk cell-free
translation with luciferase reporter mRNA and measuring luciferase activity in the translation
reactions at different time points®°.

5.8. When data acquisition is complete, turn off the laser, turn off the Continuous AF on the
microscope control touch screen, and disassemble the tubing from the flow chamber.

5.9. Pipette out the translation mixture from the flow channel inlet, transfer it to a microfuge
tube, and snap-freeze the solution by placing the tube in liquid nitrogen. Later store at -80 °C.

5.10. Wash the syringe pump tubing three times with RNase-free water, then three times with
70% ethanol. Withdraw 70% ethanol into the syringe pump tubing for storage.

5.11. Turn off the microscope and all accessories. Clean up.
6. Data analysis

NOTE: Data analysis for this assay requires common methods in single-molecule biophysical
studies. All computationally intensive steps can be achieved using existing algorithms and
software (references are included below at their corresponding steps).

6.1. Optional: If applicable, convert the acquired image series file to a format that is compatible
with the chosen image processing software or programming language.

6.2. Determine the translation reaction starting point and reagent exchange time.

NOTE: Due to the diffusing fluorescent antibodies in the translation mix, the background
fluorescence intensity of an imaged area will increase during the in-channel reagent exchange
from translation compatible buffer to translation mix. The translation reaction starting point is
set as the time point when the reagent exchange is complete. This completion point is found by
measuring the background fluorescence intensity during the translation mix delivery and
identifying the time point when the increasing fluorescence intensity plateaus®, as described
below.

6.2.1. Calculate the total fluorescence counts per image frame and plot the corresponding time
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profile. Identify the sudden increase in total fluorescence in the time profile plot.

NOTE: The total fluorescence increase is due to the increasing concentration of fluorescently
labeled antibody during the reagent exchange.

6.2.2. Identify the end point of the total fluorescence increase phase and set this time point as
the starting point (i.e., time 0) of the translation reaction. Identify both the start and end points
of the total fluorescence increase phase and set the time difference as the reagent exchange
time.

NOTE: The total time-span of reagent exchange depends on the flow channel dimensions and
the selected flow rate. It is possible that some translation factors can start binding to mRNA
before the reagent exchange completes, which could reduce the resolution of the determined
first-round initiation time. It is therefore recommended to test different flow rates when setting
up the assay and select flow rates that allow reagent exchange completion within 3—4 s for data
acquisition speeds of 0.5-2 s/frame.

6.3. Optional: Perform movie drift correction.

NOTE: The positions of bound antibodies in the data image might change over time due to drift
of microscope parts and accessories. Drift that is visually noticeable in a movie requires
correction before proceeding further with data analysis. Several spatial drift correction
algorithms and scripts are available36-38,

6.3.1. In each image, find the local maxima in pixel counts to determine the positions of bound
antibodies in each frame with pixel-level accuracy. Set a threshold of the pixel count such that

only spots that are clearly above the background noise are selected.

6.3.2. Calculate the changes of individual antibody positions in each direction between two
consecutive image frames.

6.3.3. Plot the histogram of antibody positional changes between two consecutive frames and
do so separately for each direction. Gaussian fit each histogram and set the center position of

peaks as the directional drift between two consecutive frames.

6.3.4. To counteract the observed drift, shift each image frame in the opposite direction by the
calculated drift amount.

6.4. Construct single-molecule trajectories.

NOTE: Detection/tracking software is available to identify bright spots and extract their
intensities from data image series3®4,

6.4.1. Identify antibody positions as described in step 6.3.1.



397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440

NOTE: Visual inspection is recommended to ensure that the chosen threshold does not give rise
to excessive over- or under-picking of particles. Visual inspection can be achieved by overlaying
the identified centroid positions over each image frame and visually assessing their agreement
(see Representative Results).

6.4.2. Combine the picked particles from all frames and remove the redundant particle
positions.

6.4.3. Visually inspect the images of bound antibodies and select a square area enclosing the
pixels with counts that are clearly above background and representative of individually bound
antibody.

NOTE: The point spread function (i.e., the size of the square for a single molecule) is
determined by the optical setup and the detector pixel size.

6.4.4. For each particle position, construct a single-molecule trajectory by calculating the total
intensity of all pixels in the square area around the particle position. Trajectories are
constructed for each position, frame by frame, and for the whole data movie.

6.5. Optional: Apply a non-linear forward-backward filter*! to reduce background noise in
single-molecule trajectories.

6.6. Optional: Digitize trajectories with existing step-detection algorithms*>4°,

NOTE: The choice of step-detection algorithm depends on the complexity of the single-
molecule dynamics. For the simplest scenario of only isolated ribosome translation (i.e. no
polysome formation) and good signal to noise ratio, a threshold application to the fluorescence
counts is sufficient for identifying the timing of antibody binding and dissociation events in the
single-molecule trajectories. Visual inspection of at least 100 trajectories for each condition is
recommended to ensure that trajectory steps have been appropriately selected by a step-
detection strategy.

6.7. Determine the time of the first antibody binding event for each trajectory (i.e., first arrival
time, t1), either using digitized trajectories or applying a threshold to undigitized trajectories.

NOTE: The median value of the first arrival time distribution can be compared between
different translation conditions. Alternatively, the first arrival time distribution can be fitted to a
shifted (3-parameter) log-normal function to determine the mean value®® <t;>. Because the first
arrival time distribution is typically skewed and has a long tail, do not calculate the mean by
directly averaging over the observed first arrival times.

6.8. Optional: Dwell time analysis and calculation of average peptide synthesis rate.
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6.8.1. Use digitized trajectories to identify monosome (single ribosome) translation events in
each trajectory and calculate the single binding event dwell times as the time difference
between corresponding antibody binding and dissociation events.

NOTE: Step-detection algorithms for digitizing trajectories are generally less reliable when
multiple molecular events overlap in time. Excluding polysome events from dwell time analysis
is therefore recommended. For highly active translation systems that are enriched with
polysome events and infrequently display monosome events, a mixture of labeled and
unlabeled antibodies can be used to increase the chance of observing isolated translation
events in single-molecule trajectories.

6.8.2. Fit the distribution to a log-normal function and use the fitted function to calculate the
average dwell time.

NOTE: Calculating the mean directly by averaging the observed dwell times is not
recommended because the dwell time distributions are typically skewed with long tails.

6.8.3. Determine the number of amino acids that are translated during the antibody binding
dwell time by subtracting the sum of the epitope amino acid length and 35 (the average amino
acid length of nascent peptide within the ribosome exit tunnel) from the total number of ORF
codons.

6.8.4. To determine the average peptide synthesis rate, divide the number of translated amino
acids by the average dwell time.

6.9. Optional: Calculation of the average first-round initiation time (<t >).

NOTE: Initiation and elongation conditions, such as the initiation site sequence context and the
coding sequence, are generally preserved deliberately for studies of initiation kinetics.
Therefore, the average first arrival time <t;> from step 6.7. can be used directly to calculate the
change in first round initiation kinetics between different conditions. The following correction is
only necessary for determining the actual value of first-round initiation time.

6.9.1. Divide the sum of the epitope length and 35 (the average amino acid length of nascent
peptide within the ribosome exit tunnel) by the average peptide synthesis rate (from step
6.8.4.) to calculate the average peptide elongation time of this N-terminal region (<t:_tag>).
6.9.2. As the first arrival time is the sum of the first-round initiation time and t; s, subtract
<t1 tag> from the average first arrival time <t;> to calculate the average first-round initiation
time <t j>: <ty ;> = <t1> - <t1_tag>

7. Assay calibration

NOTE: Perform the following calibration steps when initially establishing the assay.
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7.1. To examine the antibody binding specificity, perform the protocol steps in sections 4 and 5
separately for untagged and tagged mRNAs (Figure 2). The antibody binding levels in channels
with these respective mRNAs represent the extent of nonspecific antibody binding to the
detection surface and specific antibody binding to nascent peptide.

NOTE: The specific to nonspecific binding ratio is recommended to be >10 and may be
increased with different surface passivation strategies, lower antibody concentration, or higher
mRNA surface density.

7.2. To measure the rate of antibody binding, perform the protocol with an extra step between
step 4 and step 5.

7.2.1. After step 4, incubate the channel with translation mixture that lacks antibody to pre-
generate mRNA/ribosome/peptide complexes.

7.2.2. Then proceed to step 5 and flow antibody-supplemented translation mixture into the
channel.

7.2.3. Quantify the average antibody binding rate to pre-generated nascent peptide with
exponential fitting to the first arrival time histogram.

NOTE: Antibody binding to pre-generated peptide should be rapid, on the order of seconds, and
should be faster than the translation kinetics. A higher antibody concentration may be used to
increase the antibody binding rate.

7.3. Photostability of fluorophore-labeled antibody.

7.3.1. Prepare a slide according the protocol in step 2 but skip the PEGylation step. Assemble
the flow chamber after the salinization step. The silane coating allows efficient nonspecific
antibody binding to the detection surface.

7.3.2. Add the fluorescently-labeled antibodies into the channel to achieve single-molecule
density of nonspecific antibody binding to the detection surface. Begin by adding fluorescently-
labeled antibody that is highly diluted in T50 wash buffer and gradually increase the antibody
concentration until the desired single-molecule density is achieved.

7.3.3. Image the detection surface until most of the antibody fluorescence is no longer
detectable.

7.3.4. Plot the total number of visible antibodies over time to assess the rate of antibody
fluorescence loss due to fluorophore photobleaching.

NOTE: Antibody labeling typically yields multiple fluorophores per antibody. Individual
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antibodies remain detectable until all conjugated fluorophores photobleach.

REPRESENTATIVE RESULTS:

Following the protocol described enables the imaging of individual antibody interactions with
nascent N-terminal-tagged polypeptides with single-molecule resolution during active cell-free
translation of 3' end-tethered reporter mRNA (Figure 1). A minimal demonstration experiment
is reported with the use of three synthetic mRNAs: LUC (encoding untagged luciferase), LUCria6
(encoding 3xFLAG-tagged luciferase), and hp-LUCria6 (LUCFa6 With a stable stem-loop in the 5'
leader region) (Figure 2C). The use of luciferase-encoding mRNA enables comparisons between
single-molecule observations and bulk luminescence measurements. Integrity of 3' biotinylated
MRNA was assessed by denaturing polyacrylamide gel electrophoresis (PAGE) and RNA staining.
Good quality mRNA shows a single clean band and should not show additional faster migrating
signals (Figure 3A). Saccharomyces cerevisiae translation extract was used here and prepared
following a protocol that was previously described®® and modified!>. Bulk measurements of
luciferase activity in cell-free translation reactions with the yeast extract and biotinylated
LUCria6 mRNA that either lacks or contains an m’G cap shows cap stimulation of LUCr.a6 MRNA
translation (Figure 3B).

For single-molecule imaging, translation extract was supplemented with 67 nM of Cy3-labeled
anti-FLAG antibody (Cy3-aFLAG). This antibody had a high labeling ratio of 2-7 dyes per
antibody. The 532 nm laser was set to 10 uW at the objective. The laser incident angle was set
to 71.5°, which was greater than the critical angle of 63.8° for our set up. A low level of
fluorescence was imaged from detection surfaces that contain mRNA but lack translation mix
(Figure 4A). For channel dimensions of approximately 2 mm (width) x 50 um (depth) x 24 mm
(length), a flow delivery rate of 150 pl/min yielded a reagent exchange time of 3 — 4 s. Within 5
s of translation mix delivery, the background fluorescence level increases due to the diffusing
fluorescent antibodies. Approximately 2 min after translation mix delivery to LUCriac MRNA-
containing channels, Cy3 spots began to appear in a field of view and continued to accumulate
for ~30 min (Figures 4B). Nonspecific antibody binding to surface, measured using the 3xFLAG-
lacking LUC mRNA (Figure 2C), remained at a very low level®. The signals from
mRNA/ribosome/peptide-bound Cy3- aFLAG were clearly visible with the optimized laser
incident angle but could be masked by a high fluorescence background with lower laser
incident angles (Figure 4C).

To analyze Cy3-aFLAG binding events, the fluorescence intensities of selected Cy3-aFLAG spots
(Figure 5A) were calculated frame by frame for the entire movie and then connected to form an
intensity trajectory (Figure 5B). Raw trajectories can appear noisy and may require refinement
with a non-linear forward-backward filter to reduce background noise*!. Further refinement
could be achieved using step-detection algorithms to digitize trajectories*2. For all trajectories,
a universal background fluorescence level increase appears during reagent exchange due to the
diffusing fluorescent antibodies in the translation mix (Figure 5B). Antibody binding to a
nascent polypeptide caused an instantaneous increase in fluorescence whereas
antibody/polypeptide dissociation from mRNA causes an instantaneous fluorescence decrease
(Figure 5B).
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The dwell time of antibody binding can be used to measure the total decoding time of an open
reading frame. The dwell time histogram for LUCr.ac mMRNA fits to a log-normal distribution
(Figure 6A) and yielded a peptide synthesis rate of 2.5 + 0.1 amino acids per second®®. The first
arrival time histogram fitted to a shifted (3-parameter) log-normal function (Figure 6B). The
wide spread of the first arrival time histogram shows the high degree of heterogeneity in single
MRNA translation activity. The histogram indicated that the first peptide synthesis event on
single LUCriac mRNA molecules could begin as early as 2 min, and as late as 20 min, after
translation mix delivery (Figure 6B). Compared to translation with LUCrac mMRNA, the first
arrival time histogram with hp-LUCriac mMRNA translation showed slower antibody binding
(Figure 7A). Using bulk luminescence measurements from cell-free translation reactions with
these same mRNAs, however, does not resolve differences in translation kinetics (Figures 7B,C).
These results demonstrate the higher resolution of our method compared to bulk kinetic
luciferase activity measurements for detecting small changes in initiation kinetics.

FIGURE AND TABLE LEGENDS

Figure 1: Protocol flow chart. Schematic representations of coverslip and slide preparation,
single-molecule chamber assembly, TIRF imaging and data acquisition, and data analysis steps
are shown. The TIRF imaging step includes schematic depictions of mMRNA immobilization and
translation in a flow channel. Detection surface components, fluorescently labeled antibody,
and cell extract components are indicated.

Figure 2: mRNA designs for the single-molecule assay. (A) To adapt a bulk translation assay to
the single-molecule assay, the DNA template of the bulk reporter ORF was modified with an N-
terminal epitope tag sequence insertion to generate a tagged reporter-encoding ORF. ORF and
N-terminal tag-coding regions are indicated. (B) mRNAs were 5-m’G capped to allow cap-
dependent translation and 3’-biotinylated for their immobilization to single-molecule detection
surface. 5'-m’G cap and 3'-biotin are indicated on untagged and tagged ORF RNAs. (C)
Luciferase-encoding mRNAs were used to demonstrate the single-molecule assay. LUC and
LUCriac mRNAs encode luciferase that lacks and contains an N-terminal 3xFLAG tag,
respectively. hp-LUCriac mRNA contains an additional insertion that introduces a hairpin
secondary structure in the LUCrac mMRNA 5'-leader. The hairpin thermostability, 3'-poly(A) tail,
and 3’-biotin are indicated. All three mRNAs included a 30 nt 3’-poly(A) tail for more efficient
cap-dependent translation.

Figure 3: Single-molecule reporter mRNA integrity and bulk translation. (A) Representative
denaturing PAGE imaging of single-molecule reporter mRNA. 5'-m’G capped and 3'-biotinylated
LUCriac mRNA was loaded onto a denaturing 10% polyacrylamide gel next to an RNA ladder. (B)
Single-molecule reporter mRNA preserved 5' cap-dependence in bulk cell-free translation
reactions. 3'-biotinylated LUCrac MRNA that either lacked (—cap) or contained (+ cap) a 5'-m’G
cap was translated in S. cerevisiae translation extract for 30 min at 25 °C. Luciferase activity was
measured from two independent reactions and normalized to the activity with —cap mRNA,
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which is arbitrarily set to 1.0. Standard deviations from mean values are indicated by error bars.

Figure 4: Imaging of detection surfaces containing immobilized mRNA. (A) Background
fluorescence in the absence of translation mix. (B) Cy3 fluorescent spots in a field of view 30
min after the translation mix delivery and with an optimized laser incident angle. (C) Imaged
field of view 30 min after translation mix delivery and with a low laser incident angle.

Figure 5: Image analysis. (A) Cy3 spots in a field of view without (left panel) or with (right
panel) spot selection. (B) Example single-molecule trajectory for a selected Cy3 spot. The black
arrow indicates the rise in background fluorescence due to diffusing antibody during translation
mix delivery. The green arrow indicates the sudden increase in fluorescence intensity due to
Cy3-aFLAG binding. The red arrow indicates the sudden decrease in fluorescence intensity due
to Cy3-aFLAG/nascent peptide dissociation from mRNA. The dwell time of a Cy3-aFLAG binding
event is indicated with a double-headed arrow. Raw, filtered, and digitized data are indicated.

Figure 6: Kinetic analysis of Cy3-aFLAG binding with LUCr.ac mMRNA translation. (A) The Cy3-
oFLAG binding dwell time histogram fits to a log-normal distribution. (B) The Cy3-aFLAG
binding first arrival time histogram fits to a shifted (3-parameter) log-normal function. Adapted
from Wang et al.'> with permission.

Figure 7: The single-molecule assay has a higher resolution for initiation kinetics than the bulk
luminescence assay. (A) First arrival time histograms for Cy3-aFLAG binding with translation of
LUCr1a6 and hp-LUCriac MRNASs revealed slower initiation caused by a small hairpin structure in
the mRNA 5’-leader. N = 10650 trajectories (LUCria6), combined from 3 data sets and N = 4079
trajectories (hp-LUCria6), combined from 2 data sets. (B,C) Bulk luciferase activity assay kinetic
measurements did not resolve differences in initiation kinetics for LUCrac (N = 9 data sets) and
hp-LUCria6 (N = 6 data sets) mRNA translation. (B) Bulk luminescence kinetics. (C) Scatter plots
of first round translation times determined by Gaussian fitting to the second derivative of the
luminescence kinetics curves in (B), as described by Vassilenko et al.#¢. The red circles and bars
in (C) represent the mean value and standard deviation of the calculated first round translation
time, respectively. Adapted from Wang et al.»> with permission.

DISCUSSION

In comparison to typical in vitro TIRF single-molecule experiments, single-molecule imaging
with the assay described here is additionally complex due to the use of cell extract and a high
concentration of fluorescently labeled antibody. Compared to the more common practice of
one round of surface PEGylation, a second round of PEGylation (step 2) greatly reduces
nonspecific antibody binding to detection surface!®. The high concentration of diffusing
fluorescent antibodies causes an extremely high fluorescent background that masks single-
molecule detection of antibody binding. To reduce this fluorescent background, the laser
incident angle is increased well above the critical angle (step 3.4.). Antibody detection is also
diminished by excessive fluorophore instability, which can limit the capability to quantify dwell
time. When encountering this problem, replace the fluorophore with a more photostable
fluorophore, such as the ones conjugated to a triplet-state quencher®’, or lower the laser
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illumination intensity. Although oxygen scavenging systems are commonly used in in vitro
single-molecule experiments to suppress fluorophore photobleaching®4°, the assay described
here can provide a very generous detection window without implementing any oxygen
scavenging systems!®. Furthermore, oxygen scavenging systems can greatly reduce eukaryotic
cell-free translation efficiency. Therefore, oxygen scavenging systems should be carefully
evaluated prior to their use with this assay.

It is important to point out that small variations in reagent preparation are detected by the
assay due to its single-molecule resolution. For example, replicate translation extract
preparations can display different activities that may or may not be detectable by bulk
methods. Furthermore, freeze-thaw cycles of translation extract and other reagents can rapidly
impair translation activity. We recommend doing small-scale pilot experiments with readily
accessible material to test conditions before planning for a systematic study. For a systematic
study, large-scale preparations of translation reagents, single-use aliquots for freeze/thaw-
sensitive reagents, and consistency in performing protocol steps are recommended. Translation
extract that is flash frozen in liquid nitrogen and stored at —80 °C shows minimal activity loss for
at least two years. Application of these measures can effectively suppress experimental
variations and increase the robustness of the single-molecule assay.

As this method combines existing bulk cell-free translation systems and in vitro single-molecule
imaging techniques, troubleshooting of generic problems in these two areas are not discussed
here. Examples of such generic issues include low quality preparations of reporter mRNA or
PEGylated coverslip and low translation activity of cell extract. Here, we will focus on issues
specific for this method. In addition to the several technical issues that have been discussed in
the protocol, another potential problem may be low or no antibody binding in the flow channel
for a translation condition that is expected to have good activity. There are several possibilities
to troubleshoot. The efficiency of biotinylated mRNA immobilization to the detection surface
can be assessed by annealing complementary and fluorophore-conjugated DNA oligomers to
the immobilized mRNA and imaging the fluorescent DNA:RNA duplexes. The quality of the
translation mix and biotinylated reporter mRNAs can be checked by running the bulk
translation assay. Furthermore, after carrying out a translation reaction in an mRNA-
immobilized flow channel, the translation reaction solution can be pipetted out of the channel
and used in a reporter activity assay to confirm the occurrence of in-channel translation. If
necessary, an excessively high mRNA surface density can be used for the in-channel translation
reaction to allow easier detection by the reporter activity assay.

The major limitation of this assay is its resolution for initiation kinetics. In this assay, the direct
experimental output, first arrival time, contains both the first-round initiation time and the
peptide elongation time for translating the epitope and 35 additional codons. Although the
contribution of the peptide elongation time can be corrected (step 6.9.), this assay
consequently is most sensitive for measuring initiation kinetics that occur on the order of
minutes, which appears to be a generic property of cap-dependent initiation!>. Experimentally,
it is easy to adapt this assay to study other initiation mechanisms. However, if an initiation
mechanism occurs significantly fast on the order of seconds, this assay is unlikely to resolve the
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initiation kinetics.

The single-molecule approach described here combines single-molecule imaging and extract-
based translation to enable measurements of individual cap-dependent translation events in
real-time and during active cell-free translation. The assay allows easy transitioning from a bulk
translation assay to a single-molecule assay, while preserving the bulk translation kinetics. Thus,
single-molecule kinetic observations can be interpreted in direct reference to corresponding
bulk results. Previous methods, including recently developed in vivo approaches!!'4, lack the
resolution for kinetic measurements of individual translation initiation events and require
assumptions of translation mechanisms to extract initiation time averages from experimental
observables. The single-molecule method presented here provides the first hypothesis-free
approach for quantifying the average initiation time of active cap-dependent translation.
Furthermore, although bulk kinetic measurements with a luminescence assay have been
utilized to provide the most quantitative and systematic bulk characterizations of cap-
dependent translation kinetics to date*®°?, the single-molecule assay described here measures
average initiation kinetic changes with greater sensitivity than the bulk assay (Figure 7). In
addition, the single-molecule data preserves single mRNA translation stochasticity and
heterogeneity, properties that are averaged out in bulk measurements. The single-molecule
resolution of translation kinetics can be utilized for systematic kinetic analyses to reveal insights
of translation mechanisms unattainable with other methods.

This assay is compatible with existing biochemical and genetic approaches that are commonly
used for translation studies. For example, the translational function of a specific factor can be
studied by generating factor-depleted extract and supplementing it with wild-type or mutant
factor. In addition, by supplementing fluorescently labeled factor, studies can potentially
investigate the kinetic relationship between factor binding and the progression of translation.
With the use of two distinct epitope/antibody pairs, this protocol could potentially be expanded
from a one-color assay to a two-color assay that enables simultaneous detection of two distinct
coding sequences. This adaptation would allow tracking the translation of different reading
frames and could be applied to frameshifting and start site selection studies. Alternatively, a
two-color system could be used to detect antibody interactions with tagged polypeptides
encoded by upstream and downstream open reading frames to monitor both upstream and
downstream translation events on individual mRNAs. These expansions can enable a wide
range of mechanistic studies that investigate cap-dependent translation and its regulation.
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Table of Materials

Name of Material/Equipment
100X oil objective, N.A. 1.49
Acryamide/bis (40%, 19:1)
Alkaline liquid detergent

Click here to access/download;Table of
Materials;MaterialList_Revised_ver2.xlsx

Aminosilane (N-(2-Aminoethyl)-3-Aminopropyltrime

Andor ixon Ultra DU 897V EMCCD
Andor Solis software

Band-pass filter

Band-pass filter

Biotin-PEG-SVA

Coenzyme A free acid

Coolterm software

Desktop computer

Dichroic mirror

Direct-zol RNA microprep 50RNX
Dual-Luciferase Reporter Assay System
Epoxy

Firefly luciferin D-Luciferin free acid
Glacial acetic acid

Hydrogen perioxide

Immersion oil

Luciferase Assay System
MEGASCRIPT T7 Transcription Kit
Methanol

Microscope

Microscope slide

Monoclonal anti-FLAG M2-Cy3
mPEG-SVA

MS(PEG)4

NaCl (5M)

No 1.5 microscope Cover glass
Olympus Laser, 532nm 100mM
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Olympus TirfCtrl software

Optical table

Phenol chloroform isoamyl alcohol mix
Pierce RNA 3' End Biotinylation Kit
Potassium hydroxide pellets

Prior motorized XY translation stage
Prior PriorTest software
Recombinant RNasin RNase Inhibitor
Stage top Incubator

Staining jar

Streptavidin

Sulfuric acid

SYBR green |l

Syringe

Syringe pump

Tris (1M), pH=7.0

Ultrasonic Bath

Urea

Vaccinia Capping system

Zymo-Spin IC Columns



Company
Olympus
Bio-Rad
Decon

UCT Specialties, LLC
Andor

Andor
Chroma
Chroma
Laysan Bio Inc
Prolume

Dell

Semrock

Fisher Scientific
Promega

Devcon

Prolume

Fisher Scientific
Sigma-Aldrich
Olympus
Promega

Thermo fisher
Fisher Scientific
Olympus

Thermo Scientific
Sigma-Aldrich
Laysan Bio Inc
Thermo Scientific
Thermo Scientific
Fisherband

Catalog Number
UAPON 100XOTIRF
161-0144

5332

A0700
DU-897U-CSO-#BV

532/640/25
NF03-405/488/532/635E-25
Biotin-PEG-SVA

309-250

R405/488/532/635
NC1139450
E1910

14250

306-250
BP1185500
216763-500ML
Z-81226A

E1500

AM1334
MMX04751

IX83

3048

A9594
mPEG-SVA-5000
22341
AM9760G
12-544-C

Olympus digital Laser system CMR-LAS 532nm 100mW



Olympus

TMC vibration control
Sigma-Aldrich
Thermo Scientific
Sigma-Aldrich

Prior

Prior

Promega

63-563
77617-100ml
20160
P1767-500G
PS3J100

N2515

In vivo scientific (world precisic98710-1

Fisher Scientific
Thermo Scientific
Fisher Scientific
Fisher Scientific
Hamilton

Harvard apparatus
Thermo Scientific
Branson
Sigma-Aldrich
New England Biolabs
Zymo Research

08-817
43-4301
A300212
S7564
1725RN
55-3333
AMO9850G
CPX1800H
U5378-500G
M2080S
C1004



Comments/Description

For controlling the Andor EMCCD

For controlling the syringe pump
For controlling the microscope, camera, stage, and pump.

Low auto-fluorescence



For controlling the laser intensity and incident angle
With vibration isolation

For controlling the Prior motorized stage

With a custom built acrylic cage
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