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Abstract

Single-molecule fluorescence resonance energy transfer (SmFRET) is a useful tool for observing
the dynamics of protein-nucleic acid interactions. While the majority of SMFRET measurements
have used two fluorophores, multicolor sSmFRET measurements employing more than two
fluorophores offer more information about how protein-nucleic acid complexes dynamically move,
assemble, and disassemble. Multi-color smFRET experiments include three or more fluorophores
and at least one donor-acceptor pair. This review highlights how multi-color SmFRET is being
used to probe the dynamics of three different classes of biochemical processes- protein-DNA
interactions, chromatin remodeling, and protein translation.
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Introduction

The spatial resolution of traditional light microscopy is theoretically confined to 200-400
nm due to the diffraction limit [1]. Conformational rearrangements of individual

biomolecules or the interactions between them often take place on a length scale of single
nanometers, which makes it challenging to study with traditional microscopy, and even with
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super-resolution techniques that improve the resolution of light microscopy by more than an
order of magnitude [2-4]. While Structural biology techniques such as X-ray
crystallography and cryo-electron microscopy overcome this challenge, they come with a
compromise on temporal resolution. Fluorescence resonance energy transfer (FRET) fills
this gap [5,6]. FRET is the direct transfer of excitation energy from one fluorophore (donor)
to another (acceptor) without an actual photo emission by the donor. FRET is distance
dependent and occurs when the two fluorophores are brought close to one another, usually
less than 10 nm apart. The FRET efficiency £is defined as the fraction of donor excitation
events that result in energy transfer to the acceptor fluorophore. Practically, £is calculated
by measuring the intensities of the acceptor (A) and donor (D) fluorophores when the donor
is excited, and finding the fraction of total fluorescence intensity emitted by the acceptor, as
shown in the equation below

The FRET efficiency is related to the distance R between the donor and acceptor
fluorophores and is equal to 0.5 when R = Ry (the Forster radius, Figure 1a), which for most
fluorophore pairs is 3—7 nm [7].

While smFRET experiments measuring the distance between two fluorophores have been
informative, the information content of these experiments is limited to determining the
distance between two components in a single system. As we venture into more complex
biological systems, the need to monitor distances between more than two components
emerges and a single FRET pair becomes insufficient. The distance between three or more
components can be measured using multi-color smFRET that utilize more than two colors of
fluorophores attached to specific sites of interest on one or multiple molecules. In a 3-color
SmFRET experiment, for example using fluorophores Cy3, Cy5 and Cy7, the fluorophore
excited by the shortest wavelength (Cy3) can transfer energy to Cy5 and Cy7, and Cy5 can
also transfer energy to Cy7 (Figure 1b). Fluorescence signals at the single-molecule level are
typically observed by a total internal reflection fluorescence (TIRF) or confocal microscope
[8] equipped with multiple lasers and capable of recording multiple colors simultaneously.
An example of a 3-color prism-based TIRF microscope is shown in Figure 1c [9].

The first 3-color smFRET study investigated Holliday junction dynamics [10] by
simultaneously monitoring the correlated movements between three DNA strands on a single
junction. The technique was later improved with the use of alternating excitation [11],
followed by the increasing popularity of far-red dyes (Cy7, Alexa750, LD750 [9,12,13]) and
the implementation of 4-color SMFRET [14]. A set of FRET time traces visualizing Holliday
junction dynamics with Cy3, Cy5 and Cy7 labeling three separate DNA strands is shown in
Figure 1d [9]. The PacBio sequencing technology was more recently repurposed as a single-
molecule microscope that can image four colors in a high-throughput manner [15].

In this review, we include studies utilizing a multi-color FRET scheme (Figure 1b), as well
as studies that measure FRET between two fluorophores but utilize a third or fourth
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fluorophore for colocalization, focusing on protein-DNA and protein-RNA interactions
studies from the past two years. Studies that only colocalize single molecules without
measuring FRET are not reviewed here [16,17].

Multi-color FRET Studies on Protein-DNA Interactions

The interactions between proteins and DNA are fundamental to how genes are expressed and
how the genome organization is maintained. SmFRET is a useful tool to directly visualize
and dissect these biological processes in vitro, including how proteins recognize their
cognate DNA sequences [18-21]. Marklund et al. recently utilized a three-color sSmFRET
assay to study the target search process of lac repressors (Lacl) [20]. They utilized
rhodamine-labeled Lacl and dual-labeled DNA where Cy5 and Cy7 were placed at two
separate Lacl-binding motifs (Figure 2a). They observed that Lacl rapidly switches from one
site to another, at a rate that can be explained by one-dimensional diffusion (Figure 2a).
They further tested this by inserting an unlabeled operator site in between the two labeled
sites. In this construct, the rate of switching between the two labeled sites decreased (Figure
2b), consistent with the unlabeled site stalling Lacl during its 1D sliding along the DNA.
They subsequently used single-molecule confocal laser tracking combined with fluorescence
correlation spectroscopy to demonstrate that Lacl rotates along the DNA helical axis during
1D diffusion. They estimated Lacl traverses ~40 bp per revolution [20], consistent with a
greedy search approach where Lacl does not scan every base pair along the DNA helix but
instead occasionally hops out of the DNA grove, potentially missing a target sequence in
exchange for a faster sliding rate.

Many multi-component FRET experiments dedicate one fluorophore to report on enzyme
activity, while using other fluorophores to monitor structural variations via FRET [22,23].
Stinson et al. used a three-component FRET system to study the mechanism of non-
homologous end joining (NHEJ). Previously they used the Xenopus egg extract and a DNA
construct with a FRET pair on both ends of the DNA to mimic the alignment of two DNA
molecules during NHEJ [24]. The more recent study builds on the assay by utilizing a
quencher-labeled dUTP to test whether DNA ends remain aligned during the initial ligation
step and subsequent DNA polymerization (Figure 2c). The incorporation of BHQ-dUTP
during DNA polymerization places the quencher in proximity to the Cy3 fluorophore and
quenches the total fluorescence (Figure 2d, grey line). They found that DNA ends are
processed while both ends are in an aligned high-FRET conformation.

Multi-color FRET Studies of Chromatin Remodeling

The base unit of chromatin is the nucleosome, a nucleoprotein complex consisting of 147
base pairs of DNA wrapped around an octamer of histone proteins [25]. A family of
enzymes called chromatin remodelers actively establish and maintain chromatin architecture
by manipulating nucleosome positions and the identity of the histones within the octamer
[26]. Following up on pioneering two-color smFRET measurements of chromatin
remodelers sliding nucleosomes [27-32], three-color SmFRET measurements are providing
more clarity as to how these enzymes manipulate DNA and histones [30,33-35].
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The Deindl and Bowman labs utilized multi-color FRET to observe DNA propagate from
one side of the nucleosome to the other during nucleosome sliding by the chromatin
remodelers Chd1 and Snf2h [30]. Here, an asymmetric nucleosome construct was labeled
with Cy3 and Cy7 on the short and long linker sides of DNA and Cy5 was on histone H2A
(Figure 3a). Cy3-Cy5 FRET reports on DNA movement at the short-linker side (the DNA
exit) and Cy5-Cy7 FRET reports on DNA movements on the opposite long-linker side (the
DNA entry). During nucleosome sliding by using Chdl and Snf2h the Cy5-Cy7 FRET
signal increases first, followed by a decrease in Cy3-Cy5 FRET after a delay time © (Figure
3b), suggesting that Chd1 and Snf2h first translocate nucleosomal DNA on the long-linker
entry side, creating a 3 bp DNA bulge. After an average delay (<) of 4.9 seconds (Figure 3c),
the bulge then propagates to the short-linker exit side, causing a decrease in Cy3-Cy5 FRET
as the histone octamer is repositioned on the DNA wrapped around it. The DNA sequence
used to position the nucleosome in this study (the Widom 601 positioning sequence) is
asymmetric in its flexibility with the more flexible side more stably bound to the histone
core [36,37]. When the orientation of the long and short linkers on 601 were flipped (Figure
3d), the remodelers still manipulated DNA on the long-linker side before the short-linker,
but the delay time © was significantly longer (21 s) (Figure 3e and f). These measurements
clearly show that the DNA bulge created travels from the long linker slide to the short linker,
which may be a common mechanism of nucleosome sliding, and that propagation of DNA
around the histone octamer is influenced by sequence-dependent DNA mechanics as was
also shown for another remodeler INO80 [38].

The two remodelers in the INO80 subfamily, INO80 and SWR1, carry out histone exchange-
the act of replacing nucleosomal histones with free histones. SWR1 exchanges nucleosomal
H2A-H2B for free H2A.Z-H2B [39]. While previous measurements using two-color
SmFRET demonstrated that SWR1 can unwrap and rewrap nucleosomal DNA [40], the
relationship and necessity of these DNA dynamics to the actual histone exchange reaction
remained unclear. To address this, we have recently used multi-color FRET to observe
SWR1 unwrap and rewrap nucleosomal DNA in real time during a histone exchange
reaction. We utilized a three-color nucleosome construct with Cy5 and Cy7 on nucleosomal
DNA and Cy3 on histone H2A, allowing DNA dynamics to be monitored via Cy5 and Cy7
FRET, while the eviction of H2A-H2B could be detected by the loss of Cy3 (Figure 3g).
These measurements revealed several new intermediates in the exchange reaction, showing
that SWR1 unwraps nucleosomal DNA transiently from the side of the nucleosome that it
removes H2A-H2B from (MF Poyton et al., unpublished).

In contrast to SWR1, the chromatin remodeler INO80 has been suggested to replace
nucleosomal H2A.Z-H2B with H2A-H2B, although its activity /n vitroand in vivo is
disputed [41-43]. Three-color smFRET measurements from the Lee and Bartholomew labs
confirm that this exchange reaction can occur /n vitro using multi-color FRET and single-
molecule pulldown assays [33]. Here, the reaction was performed in bulk solution and the
product was analyzed via FRET to Cy5.5 on the nucleosomal DNA after immobilizing it to
the surface. Photobleaching traces unambiguously showed 10% of nucleosomes contain
H2A-H2B, and that the reverse reaction did not take place (Figure 3h).
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Ribosome Assembly and Translation Dynamics

Translation of mMRNA into protein requires many different proteins and RNA to form a
translating ribosomal complex [44]. Recently several studies utilized one FRET pair to
monitor structural dynamics of the ribonucleoprotein complex and additional colors were
used to report on an activity of interest (protein binding, nascent transcription etc.) through
either FRET or colocalization. We studied ribosome assembly by colocalizing the arrival of
Cy3-labeled ribosomal proteins to a previously characterized [45] dynamic complex of Cy5-
labeled protein S4 and Cy7-labeled 16S rRNA [46]. By monitoring the shift in equilibrium
between non-native and natively folded RNA states (distinguished by Cy5-Cy7 FRET), we
were able to correlate the assembly of ribosomal proteins onto the 16S rRNA with the
maturation of RNA structure.

More recently, the Puglisi lab studied the ribosome assembly process on nascent RNA
[47,48]. They immobilized a stalled transcription complex, reinitiated transcription and
monitored the progression of transcription via a gradual increase in Cy3.5 signal due to
movement of template DNA towards the surface where the laser excitation is the strongest.
When transcription is complete, the Cy3.5-labeled DNA template dissociates together with
the RNA polymerase. The nascent RNA stays immobilized on the surface, available for a
Cy3-oligo complementary to the 5’ end of nascent RNA and a Cy3.5-oligo complementary
to the 3’ end to bind. Proper folding of the nascent RNA will bring the 5’ and 3’ ends close
to one another, resulting in FRET increase (Figure 4a). Cy5.5-labeled ribosomal protein S7
was expected to bind to the natively folded RNA after the 3’-5” helix is formed [47],
consistent with the appearance of Cy5.5 signal after the FRET increase. They also utilized a
similar scheme to measure the kinetics of the transition from translation initiation to
elongation in a eukaryotic translation system [49]. Here, they formed a pre-initiation
complex on the surface by binding the Cy3-labeled 40S subunit to an immobilized mRNA
and detected the arrival of the Cy5-labeled 60S subunit (forming the initiation complex) and
Cy5.5-labeled tRNA (forming the elongation complex) via FRET. A similar strategy was
used more recently to study how a virulence factor SARS-CoV-2 NSP1 inhibits MRNA
translation [50].

The selection of the correct tRNA during translation is facilitated by the G protein
elongation factor Tu (EF-Tu) [51,52]. The Blanchard lab measured the kinetics of tRNA
accommodation and subsequent unbinding of EF-Tu during tRNA selection using three-
color smFRET [51]. Among many three-color constructs utilized, a key experiment
employed a construct where an LD750-labeled EF-Tu was bound to an LD650-labeled
tRNA (LD750 and LD650 are more photostable analogues of Cy7 and Cy5, respectively
[13]). This dual-labeled tRNA-EF-Tu complex was introduced to a ribosomal complex
containing a LD550-labeled tRNA (Figure 4c). Shortly after binding, the LD650-LD750
FRET decreased to zero due to unbinding of the EF-Tu accompanied by a dramatic increase
in FRET between the two tRNAS, suggesting that the incoming tRNA enters the
accommodation corridor of the ribosome only after the dissociation of EF-Tu.
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Challenges and Outlook

The increased spatial information available in multicolor SmFRET experiments has clear
advantages over similar two-color FRET experiments as exemplified by the recent work
discussed in this review. Nevertheless, multicolor sSnFRET measurements are far less
common than their two-color counterparts. As the number of fluorophores increases, the
statistical likelihood of observing single molecules containing all fluorophores decreases due
to incomplete labeling and photobleaching. As a result, multi-color measurements typically
require the observation of far more molecules than in two-color experiments. Advancements
in imaging technology that increases the number of molecules imaged in a single experiment
and improvements in fluorophore photostability, such as self-healing fluorophores [53,54]
should make multicolor FRET measurements more accessible. Clearly, the increased
information content makes multi-color FRET a powerful tool that will continue to illuminate
how multiple molecules interact and rearrange during the most sophisticated biological
processes.
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Figure 1.

Multi-color single-molecule FRET. (a) Relationship between FRET efficiency and distance
between FRET donor (green) and acceptor (red) fluorophores. Ry is the Forster radius,
which is the distance between donor and acceptor where FRET efficiency equals 0.5. Rg =
5.4 nm for Cy3 and Cy5. (b) Directionality of energy transfer in a three-color FRET system.
(c) Three-color FRET TIRF microscope setup. (d) Single-molecule traces of Holliday
junction dynamics. Eq9, E»3, and Eq3 refer to FRET efficiencies of the donor-acceptor pairs

shown in b. (c) and (d) are adapted from Lee et al. [9].
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Figure 2.
Multicolor FRET studies on protein-DNA interactions. (a) Left: Cartoons depicting possible

scenarios of Cy3-labeled Lacl bound to DNA. The DNA contains two Lacl-binding sites
(O4), each site distinctly labeled with Cy5 or Cy7. Right: A set of single-molecule time
traces capturing the binding of a Lacl dimer onto the bottom O; site (light green region),
followed by re-localization to the top Oy site due to Lacl sliding along the DNA (light purple
region). (b) Left: DNA constructs with various intervening sequences between the two high-
affinity O sites. (ran: random DNA sequence; O3: low-affinity Lacl-binding site) (c)
Cartoons showing the placement of fluorophores in the SMFRET assay to monitor DNA
orientation during NHEJ. DNA molecules are dual-labeled with Cy3 and Cy5 on each end.
dUTP nucleotides are labeled with BHQ10 quencher. (d) A set of single-molecule time
traces capturing the sequential steps of NHEJ, where an increase in FRET efficiency (first
arrow) showing the alignment of two DNA ends is followed by the incorporation of the
quencher-labeled nucleotide (grey line). (a) (b) are adapted from Marklund et al. [20]; (c) (d)
are adapted from Stinson et al. [22].
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Figure 3.
Multi-color FRET measurements of chromatin remodeling. (a) The 3-color nucleosome

construct used by Sabantsev et al. [30] (b) Example FRET time traces showing the entry
side movement precedes the exit side. (c) Histogram of the lag time (tjog) between entry
DNA movement and exit side movement (d) The ‘601-flip” nucleosome construct used by
Sabantsev et al. (¢) Example FRET time traces showing the entry DNA movement precedes
the exit DNA for the ‘601-flip’ nucleosome, consistentwith the construct in (a). (f)
Histogram of the lag time (tj5g) between entry DNA movement and exit side movement for
the *601-flip” nucleosome. (g) Cartoons depicting the four intermediate states of a canonical
nucleosome undergoing H2A.Z exchange as well as their expected pair-wise FRET
efficiencies. (h) Experimental scheme and representative traces to examine histone exchange
by INO8O0 in Brahma et al. [33] (a-f) are adapted from Sabantsev et al. [30] (h) is adapted
from Brahma et al. [33].
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Figure 4.
Multicolor smFRET studies on ribosome assembly and translation dynamics. (a)

Experimental design to visualize nascent RNA folding and ribosomal protein binding on
zero-mode waveguides. (b) Fluorescence time traces showing an initial gradual increase in
Cy3.5 intensity due to transcription activity, presence of the Cy3-oligo complementary to the
5’ end of nascent RNA, followed by the dissociation of the RNAP-DNA complex (decrease
of Cy3.5 intensity to background level), FRET between Cy3.5-oligo complementary to the
3’ end of nascent RNA and the Cy3-oligo indicates formation of the H28 helix, and
subsequent gain and loss of FRET with Cy5.5-S7 protein due to S7 binding and
disassociation. (c) The FRET construct used to observe EF-Tu-tRNA complex bind to a
ribosomal protein complex with a tRNA in the P-site. (d) A real-time trajectory of EF-Tu-
tRNA binding to the A-site of the (increase in both Cy3-LD650 and LD650-LD750 FRET),
followed by subsequent unbinding of EF-Tu (LD650-LD750 FRET decrease) and the
movement of the A-site tRNA into the accommaodation corridor of the ribosome (Cy3-
LD650 FRET decrease). (a-b) are adapted from Duss et al. [47] (c-d) are adapted from
Morse et al. [51]
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