Journal of Visualized Experiments

Making precise and accurate single-molecule FRET measurements using the open-

source smfBox
--Manuscript Draft--

Article Type: Invited Methods Collection - JoVE Produced Video

Manuscript Number: JoVEG2378R1

Full Title: Making precise and accurate single-molecule FRET measurements using the open-
source smfBox

Corresponding Author: Timothy Craggs
University of Sheffield
Sheffield, UNITED KINGDOM

Corresponding Author's Institution: University of Sheffield

Corresponding Author E-Mail: t.craggs@sheffield.ac.uk

Order of Authors: Mahmoud Abdelhamid

Alice Rhind-Tutt

Benjamin Ambrose

Timothy Craggs
Additional Information:
Question Response
Please specify the section of the Biochemistry

submitted manuscript.

Please indicate whether this article will be Open Access (US$4,200)
Standard Access or Open Access.

Please indicate the city, state/province, Sheffield, UK
and country where this article will be
filmed. Please do not use abbreviations.

Please confirm that you have read and | agree to the UK Author License Agreement (for UK authors only)
agree to the terms and conditions of the

author license agreement that applies

below:

Please provide any comments to the Please ensure the first two authors are recognised as joint first authors.
journal here.

Powered by Editorial Manager® and ProduXion Manager® from Aries Systems Corporation


https://www.jove.com/files/Author_License_Agreement_UK.pdf

Manuscript Click here to access/download;Manuscript;62378_R1.docx %

1  TITLE:
2 Making Precise and Accurate Single-Molecule FRET Measurements using the Open-Source
3  smfBox
4
5 AUTHORS AND AFFILIATIONS:
6 Mahmoud A. S. Abdelhamid?, Alice V. Rhind-Tutt!, Benjamin Ambrose, Timothy D. Craggs*
7
8 Sheffield Institute for Nucleic Acids, Department of Chemistry, University of Sheffield, Sheffield,
9 UK
10
11  !These authors contributed equally to the work.
12
13 Email addresses of co-authors:
14  Mahmoud A. S. Abdelhamid (m.abdelhamid @sheffield.ac.uk)
15  Alice V. Rhind-Tutt (avrhind-tuttl @sheffield.ac.uk)
16  Benjamin Ambrose (bambrosel@sheffield.ac.uk)
17  Timothy D. Craggs (t.craggs@sheffield.ac.uk)
18
19  *Corresponding author:
20  Timothy D. Craggs (t.craggs@sheffield.ac.uk)
21
22  KEYWORDS:
23 single molecule, FRET, microscopy, fluorescence, DNA, biomolecular conformation, confocal,
24 structure determination, dynamics
25
26 SUMMARY:
27  This article provides step-by-step instructions for making fully-corrected accurate FRET
28 measurements on individual, freely diffusing biomolecules using the open-source, inexpensive
29  smfBox, from switch on, through alignment and focusing, to data collection and analysis.
30
31  ABSTRACT:
32 The smfBox is a recently developed cost-effective, open-source instrument for single-molecule
33  Forster Resonance Energy Transfer (smFRET), which makes measurements on freely diffusing
34  biomolecules more accessible. This overview includes a step-by-step protocol for using this
35 instrument to make measurements of precise FRET efficiencies in duplex DNA samples, including
36 details of the sample preparation, instrument setup and alignment, data acquisition, and
37 complete analysis routines. The presented approach, which includes how to determine all the
38 correction factors required for accurate FRET-derived distance measurements, builds on a large
39  body of recent collaborative work across the FRET Community, which aims to establish standard
40 protocols and analysis approaches. This protocol, which is easily adaptable to a range of
41  biomolecular systems, adds to the growing efforts in democratising smFRET for the wider
42  scientific community.
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Single-molecule Forster resonance energy transfer (smFRET) is a technique that measures the
FRET efficiency between two dyes—a donor and an acceptor—at the level of individual
molecules. FRET is a photophysical process arising from the overlapping energy spectra of two
dyes: the donor is excited by light of a specific wavelength and transfers energy non-radiatively
to the acceptor, resulting in emission from the acceptor. The efficiency of this transfer is inversely
proportional to the sixth power of the distance between the two dyes, so the transfer efficiency
varies with distance!. Thus, this FRET efficiency can be used to determine spatial information
about the molecule(s)? to which the dyes are attached, within a range of 3—10 nm. This scale, and
the fact that changes in FRET efficiency are sensitive to Angstrom molecular movements3, makes
the technique well suited to investigating structural information about biomolecules—such as
nucleic acids and proteins—without the complications of ensemble averaging*®. While changes
in relative FRET efficiencies can be used to monitor biomolecular interactions and conformational
dynamics, shedding light on key cellular processes such as protein (un)folding, transcription, and
DNA replication and repair, absolute FRET efficiencies have been used to determine precise
distances for biomolecular structure determination’'!, overcoming the need for crystallization
or freezing as is required for some other structural methods*?*2.

SMFRET experiments most commonly take two forms, confocal or total internal reflection
fluorescence (TIRF) microscopy. Between both approaches the molecular dynamics of
biomolecules can typically be investigated on timescales from pico- to millisecond (confocal,
freely diffusing molecules) up to millisecond to hours (TIRF, surface immobilized molecules). This
is due to the different setups involved in each technique. In TIRF microscopy, molecules are
immobilized on the surface of a slide and excited by an evanescent wave (Figure 1A). Here,
however, the focus is on confocal microscopy as this is the format of the smfBox. In confocal
microscopy, molecules are not immobilized and instead freely diffuse via Brownian motion
through the confocal volume (~1 fL), formed by a focusing a laser beam through a high numerical
aperture lens into a spot at some designated depth within the solution (Figure 1B). The resulting
emission is focused back through the same aperture and filtered through a dichroic mirror (Figure
1C for full schematic). It is then focused through a pinhole in order to remove any out-of-focus
light and onto an avalanche photodiode (APD). When the APD detects a photon, it outputs a TTL
pulse, the timing of which can be recorded with up to picosecond resolution. The observation
time of these freely diffusing molecules within the vicinity of the confocal volume is commonly
within the order of milliseconds.

[Place Figure 1 here]

More recently, smFRET techniques incorporated two color excitation, where lasers matching the
donor and acceptor excitation wavelengths are alternated®. This can be done in one of two ways,
the first by modulating continuous wave lasers on the KHz timescale, which is known as
alternating laser excitation (ALEX)'3'4. The second method interleaves fast pulses on the MHz
timescale; this is nanosecond-ALEX' or pulsed interleaved excitation (PIE)!®. In all these
approaches, information from the acceptor laser leads to calculation of the so-called
stoichiometry, which can discriminate between molecules with a low FRET efficiency and those
lacking an acceptor (either through incomplete labeling or photobleaching). Using PIE/ns-ALEX
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additionally gives access to fluorescent lifetimes on the single-molecule level, and anisotropies
can be measured when coupled with polarizing optics. This combination of measurements is
known as multiparameter fluorescence detection (MFD)?°.

Despite the many advantages of smFRET, it is not widely used outside of specialist labs due to
the high costs of commercial instruments and a lack of simple, self-build alternatives. A growing
trend towards development of low-cost opensource microscopy is taking place and other
platforms have recently emerged, including Planktonscopel’, OpenFlexure Microscope??,
Flexiscope®®, miCube?9, liteTIRF%}, and Squid?2. Herein the study describes the protocol for using
the smfBox, a recently developed cost-effective confocal set-up capable of measuring the FRET
efficiency between two dyes on freely diffusing single molecules. Detailed build instructions and
all the necessary operational software are freely available at:
https://craggslab.github.io/smfBox/?3. The optical arrangement of the smfBox is assembled from
readily available components purchased from affordable and widely-accessible manufacturers,
while the microscope body (responsible for the majority of the expense in a standard confocal
set-up) has been replaced by a custom light-tight anodized-aluminium box (allowing
measurements to be made under ambient light conditions). This box houses key optical
components, including the excitation dichroic, objective, and pinhole, and a mechanical laser
interlock, enabling its safe operation as a Class | laser product (see Figure 1C for a full schematic).
The smfBox uses ALEX to validate the dye stoichiometry and to determine accurate FRET
correction factors. It is operated using custom-written, open-source software (smOTTER), which
controls all aspects of the data acquisition and outputs the data in the open-source photon-HDF5
format?*, compatible with many third-party analysis tools. The smfBox and the acquisition and
data analysis protocols were recently tested against >20 other instruments (both confocal and
TIRF) in a multi-lab blind study?®. The FRET efficiencies obtained were in excellent agreement
with all the other instruments, despite the smfBox costing only a fraction of the price of
commercially available setups.

Here, a step-by-step protocol is outlined for acquiring and analyzing accurate, absolute FRET
efficiencies on freely diffusing DNA duplexes using the smfBox, all the way from switch on,
through alignment and focusing, to data collection and analysis. The samples used here are three
duplex DNAs (exhibiting high-, mid- and low-FRET efficiencies, see Table 1) that were assessed in
the world-wide blind study?>; however, the method is adaptable to many molecular systems,
including proteins and other nucleic acids. The hope is that such a detailed protocol, along with
the already existing build instructions for the smfBox?3, will help to make this powerful technique
even more accessible to a wide range of labs.

PROTOCOL:
1. Power-on components

1.1.  Power on the six plugs (no particular order): Piezoconcept (z-focus), APDO, APD1, green
laser, red laser and photodetector.
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2. Software 1—Experimental setup

2.1. Launch the laser control center.

2.1.1. Ensure Continuous Wave - Alternating Constant Current (CW-ACC) mode is selected.
2.1.2. Power on both the lasers.

2.1.3. Check/set the laser powers.

NOTE: The laser power will need to be adjusted as measured just before the excitation dichroic,
as ND filters and beam splitters in the excitation path will reduce the laser power from the
number given on the laser control panel. The numbers given here are power at the excitation
dichroic, but the power on the laser control that corresponds to this will need to be worked out.
2.1.3.1. 220 uW green laser (515 nm, 40 mW)

2.1.3.2. 70 uW for red laser (638 nm, 10 mW)

2.2. smOTTER acquisition software

2.2.1. Connect the lasers, detectors, z-stage, and camera. Configure them correctly (might vary
depending on settings of particular NI card setup).

3. Alignment of emission path (not routinely required)
3.1. Setting up alignhment

3.1.1. Pipette 10 pL of free Cy3B dye (~100 nM) onto the microscope and focus as described in
steps 4.3—4.5 below.

NOTE: Another donor dye with some leakage into the acceptor channel would also work.

3.1.2. Open the Alignment tab in smOTTER, lower the laser power, and alter the y-axis scale
until readout is seen from the detectors.

NOTE: The goal here is to increase the signal, so the scale may need to be changed again after
the signal increases.

3.1.3. Unscrew the four screws at the front of the smfBox and remove the front panel.
3.2. Pinhole alignment

3.2.1. Turnthe x knob on the pinhole positioner while watching the signal on the Alignment tab,
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trying to increase the signal in green and red.

3.2.2. Now turn the y knob to align the pinhole in the other direction.

3.2.3. Return to the x knob to check for any further increase in signal.

3.3. Pinhole-lens alignment

3.3.1. Turn the lens x knob in one direction, this will decrease the signal.

3.3.2. Turn the pinhole x knob in the same direction to increase the signal again.

3.3.3. If the new max signal is higher than before, continue to iteratively move both the pinhole
and lens in that direction. If it is lower than before, iteratively move in the opposite direction.

3.3.4. Repeat above fory.

3.4. APD lens alignment

3.4.1. Starting with the green APD, move the x knob until the green signal is at a maximum.
3.4.2. Repeat for the y knob.

3.4.3. Return to the x knob, move back and forth to find the threshold points where the signal
begins to fall, and leave it at a position halfway between these two points.

3.4.4. Repeat for the x knob.

3.4.5. Repeat the above steps for the red APD lens, watching the red signal.

3.5. Place the front panel back on the smfBox and replace the screws.

NOTE: Perform the above alignment at the beginning of each day of experiments, and as a
precautionary measure if it is suspected that the microscope has developed an alignment fault
between measurements.

4. Measurement—data acquisition

4.1. For the first sample, clean the stage with lens cleaning tissue soaked in methanol; wipe
gently across the objective from one end to the other.

4.2. Apply 3—4 drops of immersion oil for microscopy onto the center of the objective;
replenish as needed between samples.
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4.3. Sample preparation

4.3.1. Pipette 10 pL of sample (first use Type | ultrapure water) onto the center of a clean cover
glass.

4.3.2. Carefully place the cover glass onto the objective lens lowering it at an angle to the oil to
prevent trapping air bubbles between the cover glass and the objective.

NOTE: If necessary, slide cover glass around to push air bubbles in the oil away from the focal
point.

4.4. To perform alternating-laser excitation (ALEX) experiments configure the laser in the laser
duty cycles panel as follows.

4.4.1. Donor (green laser) 0 off, 45 on, 55 off
4.4.2. Acceptor (red laser) 50 off, 45 on, 5 off
4.4.3. ALEX period (us): 100

4.5. Click on the Z focus tab in the ribbon; in the acquisition panel, switch the lasers to Live
and start the camera; adjust the exposure so that a bright spot appears centrally surrounded by
black.

NOTE: The camera captures light reflected by the glass/water interface between the coverslip
and the sample and the visible circle of light is at its smallest diameter when the focal point is at
this interface. It is therefore necessary to start below this interface, increase the z-height to the
interface, and then slightly further to focus above the coverslip and in the sample being
measured.

4.5.1. Starting from a low Z position, increase the height until the bright spot reaches its minimal
size, then raise the height further by up to 20 um to focus the laser above the oil and cover glass
and in the sample.

4.5.2. Stop the camera once in focus.

4.6. To confirm that the setup has been performed appropriately, monitor the trace of Type |
ultrapure water to see no fluorescence signals; repeat confirmation of purity for the buffers in
which samples are prepared.

4.7. Carefully remove the cover glass with rubber-ended tweezers to avoid damaging
objective, then place the sample of interest prepared as above onto the objective. Replenish the
immersion oil as necessary to maintain a uniform area of contact between cover glass and
objective (special attention paid to sample’s contact area on cover glass and focal area of
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objective)
4.8. Concentration bingo

4.8.1. To ensure single-molecule data is obtained, samples need to be at a concentration at
which 1-5 bursts per second are observed in the live trace panel of smOTTER (this minimizes the
chance of more than one molecule being present in the detection volume at once). Take the
measurements when the appropriate concentration has been determined.

4.8.2. To prevent evaporation during long experiments, prepare an airtight sample chamber.
Press the silicone isolators (8—9 mm diameter hole) down onto the center of a cover glass
(colored-in with a pipette tip). Then, carefully pipette a sample into the center, avoiding any
contact with the silicone. Then, place a second cover glass on top and press to form a seal.

4.8.3. Check the live stoichiometry vs FRET efficiency (ES) histogram to see if the sample is
behaving as expected, i.e., expected FRET efficiency and reasonable stoichiometry (~0.5).

4.9. When the sample is ready, enter the details for the experiment into the save settings
panel. Choose an appropriate directory and filename by clicking on the ellipsis icon (files saved
in hdf5/h5 format) in the save settings panel.

4.9.1. Enter information for sample name, sample details, donor and acceptor labels, buffer,
donor and acceptor excitation wavelengths, detection wavelengths and laser power, and user
and user affiliation.

4.10. Return to the live trace tab in the ribbon, and in the acquisition panel enter experiment
length (in minutes), select an appropriate save interval to mitigate potential data-loss in case of
an error. Select Save Laser Powers, if required.

4.11. Press Start to take the data.

NOTE: To enable accurate FRET determination, at least two samples will need to be measured
containing the same donor and acceptor dyes, but with sufficiently different FRET efficiencies.

5. Analysis/software 2

5.1.  Launch Jupyter notebook with the FRETBursts python package (setup instructions can be
found here: https://craggslab.github.io/smfBox/anasoftware.html)

5.2.  If correction for absolute FRET efficiencies is not needed (i.e., only relative changes in
FRET are sufficient for the measurement) launch Jupyter notebook FRET Analysis 1.4
Uncorrected.ipynb. Use this to export figures or data as csv files for further analysis or plotting
in other software.
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NOTE: Each notebook contains detailed instructions to guide the user through the analysis
procedures. For a more detailed discussion of analysis procedures, including burst search
algorithms, background correction, and all correction parameters see?32>,

5.3.  If correction for absolute FRET efficiencies is needed, begin by calculating the crosstalk
parameters alpha (leakage of donor emission into the acceptor channel) and delta (proportion of
direct excitation of the acceptor under donor excitation).

5.3.1. Firstlaunch Jupyter notebook Correction Factor Finder Alpha-Delta.ipynb and determine
the alpha and delta parameters.

NOTE: If these are inconsistent between samples, the microscope may have developed an
alignment problem between measurements or the spectra of the dyes differs between samples.

5.3.2. If the alpha and delta parameters are consistent, launch Jupyter notebook Correction
Factor Finder Gamma-Beta.ipynb to determine the gamma and beta parameters (which account
for differences in excitation and detection efficiencies between the dyes).

NOTE: If the gamma and beta plot does not fit well, the microscope may have developed an
alignment problem between measurements, or the quantum yields, or the extinction coefficients

of the dyes differs between samples.

5.3.3. With the four crosstalk parameters determined, these factors may be used in the FRET
Analysis 1.4 Corrected.ipynb Jupyter notebook to determine absolute FRET efficiencies.

6. Troubleshooting

6.1. If all signals are low or counts per burst are lower than expected (this is dye dependant—
but for ATTO-550 and ATTO-647N on the smfBox typical values are between 50 and 100 counts
per ms during a single-molecule burst), realign the smfBox.

6.2. Bridge between doubly and singly labeled populations on ES histogram.

NOTE: This can be caused either by working at too high a concentration (remedy this by diluting
the sample), or by photobleaching, which can be caused by using too high a laser power (remedy

this by reducing laser power).

6.3. If the burst rate falls throughout the experiment (fluorescently labeled molecules are
likely adhering to the glass coverslip), use an increased concentration of BSA to rectify.

6.4. If the burst rate increases throughout the experiment (sample is likely evaporating),
prepare an air-tight sample chamber as described above.

6.5. If the signal crashes to zero during alignment (the software is likely being overwhelmed
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by signal from the detectors), lower the laser power or use a more dilute alignment sample.

6.6. If Z-focus shows concentric rings (can happen if multiple coverslips have been placed on
the objective), check for multiple coverslips on the objective.

6.7. If the sample contains bright, long bursts of intermediate stoichiometries (caused by
aggregated molecules), use detergents or modify sample purification protocols.

NOTE: Getting a clean buffer can be an issue, as some buffer components will often contain very
small amounts of moderately fluorescent contaminants which are enough to present as single
color bursts on the time trace. If there is too much of this in the buffer, then it can coincide with
sample bursts and change the FRET efficiency or stoichiometry being measured. BSA in particular
can often be problematic in this regard, so it is helpful to expose a stock BSA solution to a strong
light source to photobleach the contaminants.

REPRESENTATIVE RESULTS:

The protocol necessitates critical assessment of experimental conditions during setup (see
protocol step 4.8). The first results acquired which determine success or failure of the experiment
are achieved at this stage. A positive result would be to have between five and one bursts per
second (see Figure 2B,C). A negative result would be having too many (Figure 2A) or too few
bursts (Figure 2D) within that time frame. It remains possible at this stage to rectify these errors:
a sample with too high a concentration needs simply to be diluted; if the concentration is too
low, however, a new sample may need to be prepared (the determinant being whether it remains
possible at this low concentration to collect data in a reasonable time frame).

[Place Figure 2 here]

A static single-species system would typically require 30 to 60 min of measurement to obtain the
necessary ~1,000 bursts needed for robust data analysis. The length of time and number of bursts
required will increase with multiple species or dynamic systems. Following data collection and
analysis using the protocol figures are exported from the Jupyter notebooks. The alternation plot
(Figure 3A) should match the ALEX period of the experimental setup. The time trace (Figure 3B)
is used to qualitatively assess that the sample concentration is reasonable. The background plot
(Figure 3C) shows the distribution of inter-photon delay periods with a linear fit to the longer
times to estimate the background rate?®. The background trace (Figure 3D) can identify if there
were changes in the sample over the duration of the experiment; primarily this would be due to
evaporation during longer acquisition times. ES histograms are generated for all photons (Figure
3E) and doubly labeled species (Figure 3F). Finally, a 1D E histogram (Figure 3G) is generated with
gaussian fitting of the burst data.

[Place Figure 3 here]

FIGURE AND TABLE LEGENDS:



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

Figure 1: Schematics showing principles of microscopy and the smfBox setup. (A) Total Internal
Reflection Fluorescence (TIRF) Microscopy principle: excitation light is directed into the edge of
the objective (Obj.) and undergoes total internal reflection at the coverslip-buffer interface
generating an exponentially decaying evanescence field to excite surface attached molecules. (B)
Confocal Microscopy: Freely diffusing molecules are excited by a near diffraction-limited spot
focused into the sample. (C) The smfBox setup used in this protocol, showing all key components:
avalanche photodiodes (APD), beam splitter (BS), dichroic mirrors (DM), filters (F), mirrors (M),
objective (O) and pinhole (P).

Figure 2: Screen shots from live trace during experimental setup showing different
concentrations of doubly labeled duplex DNA samples. (A) too high, (B) upper acceptable limit,
(C) target concentration, (D) too low. Photon counts (1 ms bins) are shown in the three detection
channels; donor emission after donor excitation (DD), acceptor emission after donor excitation
(DA), and acceptor emission after acceptor excitation (AA).

Figure 3: Example figure output of analyzed data generated by the Jupyter Notebooks. (A)
Alternation plot, (B) Time trace, (C) Background determination, (D) Background rates, (E) All
photon ES histogram, (F) Dual channel ES histogram, and (G) 1D E histogram.

Table 1: DNA sequences used in the protocol. Nucleotides are highlighted in blue and red
representing C2 amino modified thymine residues labeled with Atto-550 and Atto-647N,
respectively.

DISCUSSION:

The most critical steps in the protocol are the alighment of the microscope and adjusting the
sample concentration to the correct dilution. If alighment is off, then there might be insufficient
signal to identify bursts and plot histograms, and if misalignment occurs between samples then
accurate FRET correction may fail due to changes in leakage and detection / excitation
efficiencies. The use of an appropriate concentration is also important, too high a concentration
will give coincident bursts, containing multiple molecules with potentially different FRET
efficiencies or labeling stoichiometries. Too low a concentration will give too few bursts for
robust data analysis.

The protocol described here is for measuring distances in static single FRET species. If the sample
has more than one peak in the FRET efficiency histogram, or peaks appear broad (which can
happen with dynamic species), then more bursts may be needed to fit histograms to the same
degree of precision. For two well-separated peaks then approximately twice as much data will be
needed, but if the populations overlap slightly then even more data is required.

If the two populations interconvert on the time scale of the experiment, the dynamics and
kinetics of the system can potentially be determined. Tests such as BVA?” and 2CDE?8 can confirm
that the intermediate bursts are dynamic in nature, whereas analyses including dPDA?>30 or
H2MM?3! can determine the rates of interconversion. Jupyter notebooks for BVA and 2CDE are
available on the FRETBursts?® website, and the MATLab based software PAM32 can run BVA,
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2CDE, and PDA analyses.

Confocal single-molecule FRET can easily observe states much more shortly lived (~1 ms) than
TIRF; however, the short observation times, limited by diffusion, give no molecular history, and
so cannot determine longer dwell times, or complex transition networks in the way that surface
immobilized experiments can.

As the protocol measures freely diffusing molecules at a very low concentration, it works best
when measuring intramolecular distances on the same molecule. Intermolecular distances
between transiently bound molecules can be measured provided that the K4 of the two molecules
is low enough that the complex exists at a significant quantity at the low working concentration
required by the experiment (~100 pM). If the Kq is much higher than this, then only singly labeled
molecules will be seen. This problem can be overcome by using microfluidics to mix the two
labeled components together at a high concentration and then rapidly diluting and flowing over
the objective before the complex dissociates3334,

Measuring FRET efficiencies at the single-molecule level has a significant advantage over
ensemble techniques, as it informs on heterogeneous subpopulations, which in an ensemble
experiment would be averaged. Furthermore, single-molecule FRET with ALEX gives access to
accurate FRET efficiencies, which can be converted to accurate distances. This enables
determination of more detailed structural information rather than simply probing relative
distance changes. The smfBox carries all these benefits and capabilities but can be constructed
on a much lower budget than comparable commercially available microscopes capable of
confocal smFRET?3,

The smfBox represents a much lower barrier to entry for smFRET techniques, allowing
researchers to measure conformational changes, and accurate distances within and between
proteins and nucleic acids’1%35,
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Name | Sequence

la 5"- GAG CTG AAA GTG TCG AGT TTG TTT GAG TGT TTG TCT GG - 3’
37— CTC GAC TIT CAC AGC TCA AAC AAA CTC ACA AAC AGA CC - b7

1b 5"- GAG CTG AAA GTG TCG AGT TTG TTT GAG TGT TTG TCT GG - 3’
37— CTC GAC TIT CAC AGC TCA AAC AAA CTC ACA AAC AGA CC - b7

1c 5"- GAG CTG AAA GTG TCG AGT TTG TTT GAG TGT TTG TCT GG - 3’
37— CTC GAC TIT CAC AGC TCA AAC AAA CTC ACA AAC AGA CC - b7
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Table of Materials Click here to access/download;Table of Materials;Craggs_ Table of
Materials_JoVE_Materials.xIsx

Name of Material/ Equipment Company Catalog Number
Amino modified oligonucleotide  Eurogentec N/A
Avalanche photodiode (APD) Excelitas SPCM-AQRH-14
Bovine Serum Albumin (BSA) Merck A2153
Compact Laser Combiner OMICRON LightHUB-2
Coverglass VWR 630-2742
Cy3B Cytiva PA63101
FRETBursts Python Package N/A N/A
Imaging Buffer N/A
Immersion Qil Olympus IMMOIL-F30CC
Jupyter notebooks Project Jupyter N/A
Lens Tissue ThorlLabs MC-5
Magnesium Chloride Merck M2670
MilliQ/Ultrapure water N/A
Nanopoistioner Piezoconcept FOC300
NHS-ester modified ATTO-550 ATTO-TEC AD 550-31
NHS-ester modified ATTO-647N  ATTO-TEC AD 647N-31
Objective lens Olympus N1480700
OMICRON Control Center (OCC)-
laser control center OMICRON N/A
Press-To-Seal silicone isolator Grace Bio-Labs 664201
smOTTER N/A N/A
Sodium Chloride Merck S7653
Tris base Merck 93362

Type | ultrapure water Merck Z1Q7000T0

L]
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Comments/Description

May be ordered from various suppliers or synthesised; amino modification enables labeling with NHS-ester modified dyes
Two APDs are required for the smfBox setup

System dependant; imaging buffer component (0.1 mg/mL in buffer)

515 nm (80 mW) and 638 nm (100 mW) lasers

Thickness: 0.17 + 0.01 mm, LxW: 22x22 mm

1 mg, PA63100 (5 mg), PA96106 (25 mg)

Open-source python package for burst analysis of freely-diffusing single-molecule FRET data: https://fretbursts.readthedocs.io
System dependant; 5 mM NacCl, 20 mM MgCl2, 5 mM Tris pH 7.5 and 0.1 mg/mL BSA

Open-source web application to create and share documents that contain live code, equations, visualizations and text; data analysis noteboo
MC-50E is same item in bulk
System dependant; imaging buffer component (20 mM in buffer)

Nanopositioner for accurate positioning of microscope objective
1 mg, AD 550-35 (5 mg)

1 mg, AD 647N-35 (5 mg)
Olympus objective series from orignal smfBox discontinued; replaced by N5702300

v3.5.34 - OMICRON laser driver software

8-9 mm Diameter x 1.7 mm Depth

Open-source acquisition software for the Craggs Lab smfBox: https://github.com/craggslab/smOTTER
System dependant; imaging buffer component (5 mM in buffer)

System dependant; imaging buffer component (5 mM, pH 7.5 in buffer)

Milli-Q® 1Q 7000 Ultrapure Water System



https://fretbursts.readthedocs.io/
https://fretbursts.readthedocs.io/
https://github.com/craggslab/smOTTER
https://github.com/craggslab/smOTTER

ks for smfBox can be found in the SI



Rebuttal Letter Click here to access/download;Rebuttal Letter;Reponse to
reviewers.docx

Authors’ comments

Editor comments are shown in red.
Reviewer comments are shown in blue.

Author responses are shown in black.

Editorial comments:
1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no spelling or
grammar issues.
Manuscript has been proofread and any spelling or grammar issues corrected.
2. Please provide an institutional email address for each author.
Institutional emails added for each author
3. Please provide the complete addresses of the affiliations.
Institutional address added
4. Please revise the text to avoid the use of any personal pronouns (e.g., "we", "you", "
All personal pronouns removed and reworded
5. Please define the abbreviations before use (APD, ES)
All abbreviations defined on first use

6. JOVE cannot publish manuscripts containing commercial language. This includes trademark symbols (™),

our" etc.).

registered symbols (®), and company names before an instrument or reagent. Please remove all commercial
language from your manuscript and use generic terms instead. All commercial products should be sufficiently

referenced in the Table of Materials.

For example: Omicron Control Center, IMMOIL, MilliQ, etc.

All commercial language changed to generic terms
7. Line 193-200/215-220: Please ensure that all text in the protocol section is written in the imperative tense as if
telling someone how to do the technique (e.g., “Do this,” “Ensure that,” etc.). The actions should be described in
the imperative tense in complete sentences wherever possible. Avoid usage of phrases such as “could be,”
“should be,” and “would be” throughout the Protocol. Any text that cannot be written in the imperative tense may
be added as a “Note.” However, notes should be concise and used sparingly. Please include all safety
procedures and use of hoods, etc.

Protocol text revised to imperative tense, with sparse notes for anything not imperative
8. Please include a one line space between each protocol step and highlight up to 3 pages of the Protocol
(including headings and spacing) that identifies the essential steps of the protocol for the video, i.e., the steps
that should be visualized to tell the most cohesive story of the Protocol. Remember that non-highlighted Protocol
steps will remain in the manuscript, and therefore will still be available to the reader.

One line space between each protocol step included, and up to 3 pages of essential steps highlighted
9. Each Figure Legend should include a title and a short description of the data presented in the Figure and
relevant symbols. The Discussion of the Figures should be placed in the Representative Results. Details of the
methodology should not be in the Figure Legends, but rather the Protocol.

Figure legends adjusted to include title and description and any methodology moved to the protocol
10. For the discussion section, please use paragraph style and do not make bullet points.

Discussion section changed to paragraph style and bullet points moved to protocol

Reviewers' comments:

Reviewer #1:

Manuscript Summary:

The protocol deals with building a confocal microscope to be used for precise single-molecule FRET
measurements. The protocol not only includes building instructions for the microscope, but detailed instructions
for setting up high-quality smFRET measurements with all the subsequent steps of data analysis.

The manuscript is well written, but the figures deserve improvement.

Major Concerns:
An overview figure including the optical pathway (excitation / emission) and all major devices would be beneficial
(maybe instead of Fig. 1)

From the editor: The setup can be shown in a figure or the video itself.

We have added a schematic of the setup to Fig 1 as suggested.
Figures / schematics need improvement.

Fig. 1. Rather low level schematic of TIRF and confocal principle. Points to address: evanescent field is
exponentially decaying - not illustrated. There is no spatial on/off of a laser beam. The confocal volume is
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basically the laser beam; there is no laser beam pointing into the confocal volume....
The figure has been updated per Reviewer 1’s suggestions and significant details added.
Fig. 2. Poor illustration. The individual steps could be illustrated with figures similar to those in Fig. 4.
Figure 2 has been removed and replaced with protocol-style text for greater clarity
Fig. 3. Screenshots? might be sufficient ...
The screenshots serve as the best illustrator for what is actually seen in the software during an
experiment; accompanied by the video, we hope this will be clear.
Fig. 4A. channel or time stamp? / is the unit missing?
The missing units added
Minor Concerns:
Is there any space to explain the difference of pulsed and ns - alternating, thus, on/off (cw) laser excitation? (I am
referring to Fig. 4 A)
We now mention these different approaches in the introduction:

“This can be done in one of two ways, the first by modulating continuous wave lasers on the KHz timescale,
which is known as alternating laser excitation (ALEX).'3 14 The second method interleaves fast pulses on the
MHz timescale, this is nanosecond-ALEX,S or pulsed interleaved excitation (PIE).1%”

line 33: photon absorption and emission
Corrected

line 50: total internal reflection fluorescence
Corrected

line 52: misleading, confocal (if used for immobilized molecules) and TIRF for milliseconds up to hours.
Edited for clarity:

“Between both approaches the molecular dynamics of biomolecules can typically be investigated on
timescales from pico- to millisecond (confocal, freely diffusing molecules) up to millisecond to hours
(TIRF, surface immobilised molecules).”

line 54: fixed -> immobilized ?
Corrected
line 57: formed by focussing a laser beam
Corrected
line 59: dichroic mirrorffilter
Corrected
line 63: within the vicinity of the confocal volume
Corrected
line 78. Here | would highly recommend to refer to others, and most, similar projects (akin
to https://hohlbeinlab.qgithub.io/miCube/related projects.html)
Edited to include reference to recent similar projects:

“Despite the many advantages of SmFRET, it is not widely used outside of specialist labs due to the
high costs of commercial instruments and a lack of simple, self-build alternatives. A growing trend
towards development of low-cost opensource microscopy is taking place and other platforms have
recently emerged including Planktonscope,'” OpenFlexure Microscope,'® Flexiscope,® miCube,?°
lite TIRF?* and Squid.??”

line 286: dynamics might lead to FRET broadening. Consider to mention this explicitly in text to prevent for
misunderstandings.
Edited for clarity:

“The protocol described here is for measuring distances in “static” single FRET species. If the sample
has more than one peak in the FRET efficiency histogram, or peaks appear broad which can happen
with dynamic species), then more bursts may be needed to fit histograms to the same degree of
precision.”

Fig. 2. Background correction necessary? Thresholding? Number of photons / events per burst. Burst selection.
Bin time selection.
Figure 2 has been removed. As the purpose of this manuscript and accompanying video is to provide a
protocol to operate the smfBox, in discussion with the editor, we agreed that the intricacies of data
analysis are beyond the scope of this work. We have, however, included references to direct readers to
these. We have added the following note:

“NOTE: Each notebook contains detailed instructions to guide the user through the analysis procedures.
For a more detailed discussion of analysis procedures including burst search algorithms, background
correction, and all correction parameters see 23 25"


https://hohlbeinlab.github.io/miCube/related_projects.html

Reviewer #2:

Manuscript Summary:

In this manuscript, Abdelhamid and colleagues present a clear step-by-step procedure to perform diffusing based
single-molecule FRET measurements. Overall, it is well-written and easy to follow. | am sure this protocol will be
benefit the broad scientific community.

Major Concerns:

In Figure 2, the protocol describes alpha, delta, gamma and beta corrections without detail explanation. The

authors should give a brief summary regarding why and how to perform these corrections.
As in the response to Reviewer 1 above, the intricacies of data analysis are beyond the scope of this
video article. However, we have added more detail to section 5 in the protocol as requested, and refer
interested readers to relevant articles for more information.

Minor Concerns:
1. line 39, the author should provide references regarding the ability of FRET to capture change of single
Angstrom. To my knowledge, the detection limit of SmMFRET is about 2-3 Angstrom.
We agree with the reviewer and have edited the text accordingly:
“...This scale, and the fact that changes in FRET efficiency are sensitive to Angstrom [1] molecular
movements[2] , makes the technique well suited to investigating structural information about
biomolecules...”
2. Line 50, TIRF stands for total internal reflection fluorescence, whereas TIR stands for total internal reflection.
Corrected
3. Please use the same name for SPAD in line 61 and APD in line 104/105.
Corrected
4. Please provide DNA sequences for duplex DNAs mentioned in line 95.
We have provided the sequence in the new Table 1.
5. Please indicate wavelength of lasers (line 106 and 107).
Added
6. It would be nice to provide a photo of smfBox for readers to understand lines 127-161.
We have added a full schematic (Fig 1C) and note that the video will show the smfBox in action.
7. What is the meaning of '-1"in line 1427
Removed
8. In the results section, please indicate a suitable data collecting length and state how many bursts events
(rough number or range) are needed in total to perform further data analysis.
Edited to include the requested information:

“A static single-species system would typically require 30 to 60 minutes of measurement to obtain the
necessary ~1,000 bursts needed for robust data analysis. The length of time and number of bursts
required will increase with multiple species or dynamic systems.”

9. In line 298, please define normal. How many counts per burst are considered as normal condition?
Edited for clarity:

“If all signals are low, or counts per burst are lower than expected (this is dye dependant - but for ATTO-
550 and ATTO-647N on the smfBox typical values are between 50 and 100 counts per ms during a
single-molecule burst), the smfBox will need to be realigned.”

Reviewer #3:

Manuscript Summary:

The authors develop a cost-effective, open-source instrument for single-molecule Forster Resonance Energy
Transfer (SmFRET) on freely diffusing molecules and provide a protocol for DNA samples. They explain how to
determine correction factors and establish standard protocols and analysis in an effort to democratize SmFRET to
the general community. More specifically, SmFRET is generally limited to the relatively few existing smFRET
specialist labs. The authors present an off-the-shelf style setup for performing simple measurements, expanding
the availability to a wider userbase. Analogous to raspberry pi for computers, their protocol will make the
methods accessible to those with fewer resources.

Major Concerns:
The protocol is clear and well organized.

The description of SMFRET in the introduction is lacking. They need to present a more comprehensive overview
of SmFRET and the contributions made of the over the years by the community.

From the editor: No comprehensive review is required but some citations to guide those who want one would be
nice.



We have expanded the introduction to discuss (a) similar open-source microscopy projects, and (b) added
citations to some recent reviews as suggested by the editor:

(a) “Despite the many advantages of smFRET, it is not widely used outside of specialist labs due to the
high costs of commercial instruments and a lack of simple, self-build alternatives. A growing trend
towards development of low-cost opensource microscopy is taking place and other platforms have
recently emerged including Planktonscope,” OpenFlexure Microscope,*® Flexiscope,® miCube,?®

lite TIRF2* and Squid.??”

(b) “This scale, and the fact that changes in FRET efficiency are sensitive to Angstrom molecular
movements,® makes the technique well suited to investigating structural information about biomolecules
- such as nucleic acids and proteins - without the complications of ensemble averaging (for recent
reviews see 4%).”

The analysis software and Jupyter notebook needs to be described in more detail.

From the editor: A citation for the analysis in the protocols would be okay.

We have slightly expanded the protocol to include some comments on the analysis software (in place of Figure
2). See expanded section 5. Also, we note that the Jupyter notebooks themselves contain a lot of detailed
explanation.

They should present more output in their figures.

The figures are there as an addition to the video material; hopefully when viewed together, these will provide
additional information to make the protocol clear.

It would be useful to have a side-by-side comparison with traditional sSmFRET.

If by ‘traditional smFRET’ the reviewer means data taken on a commercial instrument, we have done this as part
of a multi-lab blind study. This included both confocal and TIRF smFRET. We have stated the following in the
text:

“The smfBox and the acquisition and data analysis protocols were recently tested against >20 other instruments
(both confocal and TIRF) in a multi-lab blind study.?®> The FRET efficiencies obtained were in excellent agreement
with all the other instruments, despite the smfBox costing only a fraction of the price of commercially available
setups.”

Also the discussion should have more detail.
From the editor: The discussion should focus on the protocol as well which should include critical steps within the

protocol, any modifications and troubleshooting of the technique, any limitations of the technique, the significance
with respect to existing methods, and any future applications of the technique in paragraph style with citations.

We feel we have fulfilled the brief for this, given that this a short protocol paper, and feel that additional detail
would not add to the discussion.
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