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Single-molecule imaging techniques have provided unprecedented insights

into functional changes in composition and conformation across diverse
biological systems. As with other biophysical methods, single-molecule
fluorescence and Forster resonance energy transfer investigations are
typically limited to examination of one sample at atime. Consequently,
experimental throughputis restricted, and experimental variances are
introduced that can obscure functional distinctions in closely related systems.
Here, to address these limitations, we introduce parallel rapid exchange
single-molecule fluorescence and single-molecule Forster resonance

energy transfer to enable simultaneous steady-state and pre-steady-state
interrogations of diverse systems. Using this approach, we elucidate the
timing of distinct conformational events underpinning 3-arrestinl activation,
unmask antibiotic-induced impacts on messenger RNA decoding fidelity

and demonstrate that endogenously encoded ribosomal RNA sequence
variation modulates antibiotic sensitivity. This generalizable and scalable
method promises to broaden the scope and reproducibility of quantitative
single-molecule interrogations of biomolecular function.

Single-molecule fluorescence (smF) and Forster resonance energy
transfer (FRET) imaging enable real-time measurements of fluctuations
in the composition and conformation that underpin the function of
individual biomolecules'. This approach enables direct detection of
rare, transient events otherwise obscured at the ensemble scale while
requiring orders-of-magnitude less material thantraditional biophysics
investigations. As a consequence, smF(RET) investigations have pro-
vided critical insights into regulation in diverse biological systems??,
including those derived from mammals*”.

The range of biological questions that can be interrogated at
the single-molecule scale, along with the accuracy, precision and
experimental throughput of smF(RET) measurements, has expanded
in parallel with advances in organic fluorophore performance®,

site-specific labeling®, camera technologies and imaging strate-
gies'. Recent advancements in smF(RET) imaging throughput
include zero-mode-waveguide technologies'", automation of con-
focal smFRET data acquisition for screening initiatives™, multiplexed
examination of mixed sample populations' ™ and objective-based
total internal reflection fluorescence (TIRF) imaging combined with
next-generation sequencing'”,

Despite the power and sensitivity of smF(RET), comparative inves-
tigations on wild-type versus mutant systems”” or studies of an individ-
ual system from multiple structural perspectives® are generally limited
toindependent measurements. Consequently, variabilities in compo-
nent concentrations as well as experimental and instrumental noise
canobscure structural or kinetic differences of functional significance,
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Fig. 1| Preparation of arrayed microfluidic devices for PRE-smFRET.

a, Schematic of surface tethering of a fluorescently labeled biomolecule using
ERASE. Biomolecules are specifically surface tethered through the hybridization
of atether oligonucleotide (conjugated to the biomolecule) and an anchor
oligonucleotide (immobilized on the surface). The addition of a switch strand
removes tethered biomolecules through toehold-mediated strand displacement.
b, Schematic of microarray printing on a biotin-PEG-coated surface witha
pin-based microarrayer. The anchor DNA is tethered to the surface via a biotin—
streptavidin bridge. ¢, Layout of a 25 x 76 mm arrayed quartz microfluidic device

Objective lens

with ten 3 plfluidic chambers, each measuring 19 x 3 x 0.05 mm. d, Bright-field
microscopy image of a printed microarray with multiple microdroplet groups,
each containing four distinct anchor DNA sequences. Inset shows a schematic
of amicroscope FOV with a 60x objective lens. Green rounded square shows

the area of the channel illuminated by flat-top illumination duringimage
collection. e, Cross-sectional schematic of one imaging chamber. Each chamber
isindependently connected to a fluidics handling system that enables buffer
exchange during imaging. Panels aand b created with BioRender.com.

including subtle yet consequential perturbations, which may have
disproportionate impacts on processive systems or signaling cas-
cades. One path to circumvent such uncertaintiesis to collect dataon
distinct samplesin parallel followed by a posteriori parsing methods.
Steady-state investigations of sample mixtures have been parsed based
on spectral properties®?, FRET signatures®*** and position'"'5>>2¢,
A posteriori methods also require processing procedures that may
resultin the obfuscation of sampleidentity and corresponding losses
ininformation recovery. Analternative path for parallelized measure-
ments is to know the identity of each sample before data acquisition.
However, ageneralizable approach for a priori parallel investigations
of diverse biological specimens has yet to be achieved.

Here, we introduce parallel rapid exchange smF (PRE-smF) and
FRET (PRE-smFRET) to enable simultaneous imaging of diverse bio-
logical systems under identical steady-state and pre-steady-state
conditions. PRE-smF(RET) uses wide-field, prism-based TIRF (pTIRF)
imaging implemented with flat-field illumination. pTIRF uniquely
supports pre-steady-state measurements in which stimulus can be
rapidly introduced to surface-tethered biomolecules by solution
exchange (analogous to stopped-flow) or by photo-induced uncaging”.
Additionally, pTIRF generally offers higher experimental throughput
than objective-based approaches and allows high time resolution
measurements requiring increased excitation power density?**. To
enable parallelized a priori investigations, we integrate pTIRF with
automated liquid-handling systems using microcontact-printed
microfluidic devices that enable DNA-barcoded immobilization with
epitaxial removal aided by strand exchange (ERASE)*°. We highlight
the sensitivity of this method by differentiating the photophysical
characteristics of organic fluorophores linked to DNA, the order and
timing of conformational events underpinning -arrestinl activation

processes, kinetic dissimilarities in mRNA-decoding rates in protein
synthesis and the distinct drug sensitivities of endogenously encoded
ribosome subtypes linked to the nutrient limitation-induced stress
response inbacteria®. Our findings demonstrate PRE-smF(RET) to be
ageneralizable and scalable solution for comparative steady-state and
pre-steady-state single-molecule measurements of diverse biological
systems at high spatial and temporal resolution with reliability and
sensitivity. By introducing this method, we seek to facilitate an era of
discovery in which subtle functional distinctions can be revealed in
diverse biological systems with unprecedented resolution.

Results

Microfluidic chips with microarrays for single-molecule
imaging

For PRE-smF(RET), we used a pTIRF platform equipped with one
scientific complementary metal oxide semiconductor camera per
spectral channel® to image one 250 um x 250 pm field of view (FOV)
at a high signal-to-noise ratio (Extended Data Fig. 1). We surface
tethered biomolecules in custom-built quartz microfluidic devices
(Methods and Extended Data Fig. 2), passivated with a 1:100 mixture
of biotin-polyethylene glycol (PEG):methoxy-PEG*?, using ERASE™.
Low-density biotin-PEGylation ensures that molecules can be tethered
viaabiotin-streptavidin bridge with spacing that prevents their interac-
tion (Supplementary Note 1). ERASE enables anisothermal hybridiza-
tionapproachto specifically pull down a ‘tether’ oligonucleotide-linked
biomolecules of interest with a surface-tethered complementary
‘anchor’ oligonucleotide (Fig. 1a and the Methods). A key feature
of ERASE is that each tethered biomolecule can be rapidly released
from theimaging chamber via toehold-mediated strand displacement
(TMSD)* using ‘switch’ oligonucleotides complementary to the tether
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Fig. 2| Specific binding to microarrayed microfluidic devices enables
comparative photophysical studies of eight fluorophores in parallel.

a, Demonstration of control over biomolecule binding density afforded by
ERASE. Top, snapshots taken at various times throughout an smF movie; bottom,
the number of molecules in each printed spot over time; t,=20s,¢,=160s,
t,=310s,t;=420s,t,=500s. At t,, we injected a mixture of four distinct
LD555-and/or LD655-labeled DNA duplexes (samples A-D), each with aunique
single-stranded tether domain, and sample A was purposefully added at a higher
concentration to achieve a tethering density that was too high. At ¢, 40 nM switch
Awasadded to reduce sample A density to a usable level. Simultaneously, 1 uM
switch D was added to completely remove sample D. At ¢,, fresh sample D was
injected. Finally, at t;, we added 1 uM switches A, B and D to selectively remove all

samples except sample C. After a brief switch incubation, no molecules could be
observedinspotsA, Bor D (t,). b, Measurement of binding specificity using four
FRET-labeled duplexes, each with a unique interdye spacing and an associated
single-stranded tether barcode. Population histograms of FRET efficiency in
each quadrant show a sharp single peak. n, number of traces; nt, nucleotides;
sp., specificity of binding, defined as the fraction of molecules in a printed circle
with the expected FRET efficiency value. ¢, PRE-smFRET enables head-to-head
comparison of fluorophore photophysical properties under identical conditions.
Plots show mean and s.d. of signal-to-noise ratio (SNR; Methods) and photon
yield (cts, photon counts) from 16 (ambient) or 15 (deoxygenated) independent
repeats (over 12,000 individual molecules per fluorophore).

sequence. In this manner, ERASE enables fine-tuning of the tethered
biomolecule surface density as well as complete resetting of the micro-
fluidic device for reuse.

Toengender aprioriparallelized PRE-smF(RET) investigations, we
microcontact printed four orthogonal anchor oligonucleotidesin2 x 2
arrays to enable location-specific pulldown of four tether-barcoded
biomolecules (Fig. 1b and the Methods). We spaced 60 arrays in ten
individual microfluidic chambers (3 pl volume) such that each 2 x 2
array could be interrogated independently and in rapid sequence via
automated stage movements (Fig. 1c,d and the Methods). We precision
drilledinletand outlet ports at each end of each microfluidic chamber

and coupled them via PEEK tubing (Fig. 1e and the Methods) to a
computer-controlled liquid-handling systemto enable rapid and repro-
ducible pre-steady-state measurements via solution exchange without
the need for a mixing chamber, the pTIRF equivalent of stopped-flow.

Binding to microarrays is specific and tunable

To demonstrate the binding specificity to these microarrayed devices,
we monitored the tethering of four FRET-labeled (LD555 and LD655)
DNA duplexes, each with a unique FRET signature and an associated
single-stranded tether barcode (Fig. 2a, Methods and Supplemen-
tary Video 1). We introduced orthogonal switch oligonucleotides to
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independently tune the tethering density of each sample to ensure
optimal separation of each single-molecule emitter for imaging®®
(Fig. 2a). We also demonstrated the ability to completely strip each
specific molecule from the surface (Fig. 2a).
Afterachievingatethering density of -2,000 molecules per printed
spot, we extracted ~-300-400 well-defined single molecules from each
areato compile population FRET histograms for individual FOVs. Con-
sistent with highly specific tethering, each set of extracted molecules
exhibited a narrow FRET efficiency distribution, the maxima of which
was consistent with the expected interdye distances of each tethered
species (Fig. 2b). By quantifying the total area of the dominant FRET dis-
tributioncompared to the total FRET distribution area, we estimated the
binding specificity ineachmicrocontact-printed spot tobe ~97.5% + 1.8%
(Methods). Similar experiments on diverse biological samples dem-
onstrated specificities between 95% and 98% (Extended Data Fig. 3).

Parallelized quantification of fluorophore performance

Bright and photostable fluorophores are the foundation of both
single-molecule imaging and ensemble fluorescence investigations
across a broad range of life sciences®'°. Single-molecule analyses
of fluorophore performance provide quantitative information for
optimizing new fluorophore designs®**. Such studies are typically
performed both in the presence and absence of oxygen to capture
therange of conditions typical for smF(RET) investigations. Compara-
tive analyses of this kind are challenging because brightness, photon
emission dynamics and total photonbudget are highly sensitive to pH,
illuminationintensity, the efficiency of enzymatic oxygen scavenging™,
redox chemistry** and, if employed, the effective concentrations of
stabilizing agents in solution®.

Here, we employed PRE-smF to perform head-to-head com-
parison of fluorophore performance under identical conditions by
imaging eight tether oligonucleotide-barcoded DNA duplexes, each
linked to a single fluorophore at the 3’ terminus (Methods). We com-
pared the performance of four donor and four acceptor fluorophores
simultaneously inasingle FOV by preparing each set with four unique
DNA constructs such that each spot in the 2 x 2 array contained a
roughly equal mixture of one donor- and one acceptor-labeled DNA
duplex (Extended Data Fig. 4 and Supplementary Table 1). In each
FOV, donor and acceptor fluorophores were excited independently
using alternating-laser excitation® illumination at 532 nmand 640 nm
(Methods). We collected data in rapid sequence from oxygenated (16
FOVs) and deoxygenated (15 FOVs) conditions to robustly character-
ize fluorophore performance in terms of signal-to-noise ratio and
photon budget. These studies showed that self-healing LD555 and
LD655 fluorophores globally outperformed their donor and acceptor
counterparts under both conditions (Fig. 2c and Supplementary Video
2). ATTO fluorophores, while 15-30% brighter in oxygenated condi-
tions, exhibited substantial reductionsin brightness under deoxygen-
ated environments: ATTO 532 brightness decreased fourfold, while
ATTO 647N brightness decreased twofold, accompanied by a nearly
fivefold reduction in total photon yield (Supplementary Table 2). We
attribute this behavior to the propensity of ATTO fluorophores to
exhibitincreased occupancy of nonfluorescing triplet and radical dark
states?>*, Parallel performance evaluations of this kind demonstrate
aneightfoldincrease in experimental throughput while guaranteeing
identical conditions and thus greater reproducibility. To demonstrate
this latter point, we show that the deviations in photon yield in each
quadrant of a single FOV are >4-fold lower than those from four inde-
pendent experiments (Extended Data Fig. 4b and the Methods).

Computer-controlled, stopped-flow PRE-smF(RET)
investigations

We enabled pre-steady-state smF(RET) imaging by implementing a
two-injector port, computer-controlled fluidics system (Fig. 3aand the
Methods) that ensures reproducible solution exchange rates down to

60 ms (Fig.3b,c). With this design, solution exchange could be rapidly
and repeatedly achieved through alternating injections (Fig. 3c). To
validate this system, we studied the clamshell-like closure process
accompanyingligand binding using a site specifically labeled isoform
of the leucine-isoleucine-valine binding protein (LIV-BP**)* (Fig. 3d).
The speed and reproducibility of this system were demonstrated by
synchronous LIV-BPS transitions between apo (open state, FRET effi-
ciency = 0.35) and leucine-bound (closed state, FRET efficiency = 0.65)
conformations uponinjectionand washout of 25 pM leucine across 18
distinct FOVs examined in rapid sequence (Fig. 3e and the Methods).

Parallelized multiperspective imaging of B-arrestinl activation
To demonstrate the ability of PRE-smFRET to achieve multiperspective
imaging, we investigated the process of B-arrestin activation from four
distinct structural perspectives. 3-arrestins engage agonist-activated
and G protein-coupled receptor (GPCR) kinase-phosphorylated
GPCRs to undergo an activation process that facilitates the termi-
nation of GPCR-activated heterotrimeric G protein signaling, the
initiation of alternative intracellular signaling pathways and GPCR
internalization®®*’, Structural and molecular dynamics studies show
that GPCR-mediated B-arrestin activation entails release of its auto-
inhibitory C-terminal tail, conformational changes in its finger loop
and other central crest elements and a~20° rotation of the C-terminal
domain relative to the N-terminal domain*° (Fig. 4a). Currently, it is
notknown whether these distinct activating conformational changes
occur simultaneously or with a defined order and timing.

We therefore sought to use PRE-smFRET to monitor the confor-
mational events in -arrestinl upon binding to a phospho-peptide
mimicking the phosphorylated C tail of the human V2 vasopressin
receptor (V2Rpp)***. We visualized B-arrestin activation from mul-
tiple structural perspectives by employing two previously reported
donor- and acceptor-labeled sensors of C-tail release’ and two new
sensors designed to report on finger loop conformational changes
and C-domain rotation relative to the N domain (Methods and
Supplementary Table 3). We established a generalized workflow for
investigations of this kind by using tether oligonucleotide-conjugated
antibodies (adaptor molecules) specific to commonly used epitopes
for affinity purification (Fig. 4b and the Methods). Inso doing, we could
spatially tether and image four -arrestinl sensors simultaneously
in a single FOV using adaptors specific to the N-terminal Strep-Il Tag
epitope of B-arrestin (Fig. 4b).

Asanticipated from previous smFRET investigations and an auto-
inhibited basal-state structure***, all four B-arrestinl smFRET sensors
exhibited highly stable, sensor-specific FRET efficienciesin the absence
of V2Rpp (Supplementary Table 3). All four sensors robustly exited the
basal state with increasing probability upon titration of the V2Rpp
peptideinto theimaging chamber to achieve activated conformations
with distinct FRET values (Fig. 4c). We measured the activation process
by quantifying the loss of basal-state occupancy for the three sensors
exhibiting relatively large changes in FRET (for C-tail and finger loop
sensors) using hidden Markov modeling (HMM) and likelihood maxi-
mization methods (Methods). These analyses yielded apparent dis-
sociation constants (K3'") of 2.2+ 0.4 uM for C-tail sensor 1 and
3.1+ 0.9 uM for C-tail sensor 2 (Fig. 4d, Methods and Supplementary
Table 3), consistent with isothermal titration calorimetry measure-
ments of V2Rpp affinity for unlabeled B-arrestinl (2.4 + 0.2 uM)". By
contrast, the finger loop sensor exhibited asignificantly higher affinity
than the C-tail release sensors, with an apparent K[Y” of 1.4 + 0.2 pM.
While the dynamic range of the C-domain rotation sensor precluded
HMM analysis, we quantified the change in FRET efficiency as afunction
of V2Rpp concentration toshow that it exhibited a K 0f 4.6 + 0.45 uM
(Fig. 4d, Extended Data Fig. 5a, Supplementary Table 3 and
the Methods).

For the C-tail release and finger loop sensors, we could determine
the apparent rate of V2Rpp binding (k:PP) from the steady-state transi-
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Fig.3 | Computer-controlled stopped-flow system for TIRF microscopy.

a, Schematic of the microfluidic system for rapid reagent delivery during
single-moleculeimaging. b, Quantification of solution exchange time using

the 10-90% criterion (top) with 250 nM LD555 dye being injected into the
observation chamber at different flow rates (bottom). Box plot represents data
collected from eight independent repeats. Box boundaries indicate interquartile
range, horizontal line represents median, and whiskers show data points within
1.5xinterquartile range. c, Demonstration of 18x 40 pl repeated injections of
250 nM Cys5 (directly excited using a 640 nm laser) fromalmlloop, resultingina

highly reproducible concentration profile. Right, mean and s.d. from 18 repeated
injections. d, Schematic showing the LIV-BPS protein switching reversibly
between open (FRET efficiency = 0.35) and closed (FRET efficiency = 0.65)
conformations upon leucine binding and release. e, Demonstration of
non-equilibrium smFRET imaging of LIV-BP*S with rapid injection of 25 uM
leucine (t= 0.4 s), followed by rapid channel rinsing (¢ = 0.9 s). This population
histogram contains data compiled from 18 computer-controlled injections and
was composed without post-synchronizing each smFRET trace. Paneld created
with BioRender.com.

tionsas <0.1uM™ s (Supplementary Table 3), more than three orders
of magnitude below the diffusion limit (-200 puM™s™) and consistent
with autoinhibition mechanisms observed in distinct biological sys-
tems®. This finding suggests that V2Rpp binding is amultistep process,
where activating conformational changes in 3-arrestinl are rate limited
by one or more unresolved binding step(s). The bimolecular associa-
tion (k5p") and dissociation (k2i") rates of V2Rpp binding to the C-tail
and finger loop sensors revealed by this analysis were in line with the
observed affinities toward V2Rpp (Supplementary Table 3).

To directly obtain the kg;,” and k2f” of V2Rpp binding to all four
B-arrestinl sensors, we performed >12 independent pre-steady-state
measurements at five distinct V2Rpp concentrations (Fig. 4e,f, Meth-
ods, Extended Data Fig. 6a,b and Supplementary Table 3). Consistent
with our steady-state experiments, k3P? was <0.1 uM™ s™ for all four
sensors. Furthermore, we observed statistically significant differences
in KPP between sensors, where the finger loop and C-domain rotation
sensors exhibited higher and lower rates of binding, respectively,
compared to the C-tail sensors (Extended Data Fig. 6b and
Supplementary Table 3).

To evaluate whether the observed differences in V2Rpp affinities
reflect an ordered sequence of events in the B-arrestinl activation
process or label-specific perturbations, we introduced mutations at
the uniquelabelingsites used for C-domainrotation (L191A) and finger

loop (D69A) measurements into the C-tail1sensor. We alsointroduced
C-tail 1 (K397A) and finger loop (D69A) mutations into the C-domain
rotation sensor (Extended Data Fig. 5b and Supplementary Table 3).
Consistent with contributions to a basal-state-stabilizing ionic lock*,
the D69A mutationincreased the affinity of both -arrestinl C-tail 1and
C-domain sensors by approximately twofold. Hence, disruption of the
ioniclock caused by the D69A mutation predisposes -arrestinl to acti-
vation. By contrast, the C-tail 1(K397A) and C-domain (L191A) sensor
mutations had no measurableimpact on affinity (Extended Data Fig. 5b
and Supplementary Table 3). We conclude from these findings that
C-domain rotationis likely to represent the rate-limiting step of the
B-arrestinl activation process. Future PRE-smFRET studies will ena-
ble sensitive investigations into whether the sequential 3-arrestinl
activation mechanism is conserved in other arrestin isoforms, the
extent to which it contributes to specific GPCR signaling outcomes
and turnover and how itis affected by the nature of GPCR phosphoryla-
tion marks and the phospho-code*” as well as GPCR sequence*® and
physiological context®.

Parallelized measurements of mRNA decoding

To demonstrate the application of PRE-smFRET to more complex
biological systems and to ascertain whether the ERASE approach
was amenable to isothermal RNA hybridization, we investigated the
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Fig. 4 |Multiperspective smFRET imaging of B-arrestinl activation.

a, Activation of B-arrestinl upon binding to V2Rpp, a phospho-peptide mimetic
of the phosphorylated C tail of V2R. One labeling perspective (C-tail sensor 1) is
shown. b, Overview of the generic protein immobilization strategy for smFRET
microarrays using adaptor molecules. This strategy enabled PRE-smFRET
imaging of B-arrestinl activation upon V2Rpp addition from four structural
perspectives: C-tail release sensors1and 2, finger loop conformational
changes and C-domain rotation. ¢, Representative smFRET traces showing
steady-state conformational changes in 3-arrestinl C-tail sensor 1at increasing
concentrations of V2Rpp. Oligo, oligonucleotide. d, Titration of V2Rpp against
arrestin measured from four structural perspectives in parallel. Plotted data

represent mean ands.d. from three independent repeats. e, Arepresentative
smFRET trace showing the activation and deactivation of B-arrestinl C-tail
sensor 1upon V2Rpp injection and washout. Binding rates were estimated from
the waiting time distribution between V2Rpp injection to first transit to the low
FRET active state, t,,,. Dissociation rates were estimated from the distribution of
waiting times between V2Rpp washout and the adoption of the stable high FRET
basal state, t,. f, PRE-smFRET imaging of B-arrestinl activation and deactivation
upon V2Rpp injection and rinsing, correspondingly; 10 pM V2Rpp was injected at
t;=5sandrinsed at¢,=25 s (vertical dashed lines). Contour plots represent data
compiled from 15 injections, without post-synchronization.

multistep, irreversible process of transfer RNA (tRNA) selection by
the bacterial ribosome. Faithful translation of messenger RNA (mRNA)
sequence into protein occurs during the elongation phase of protein
synthesis catalyzed by the ribosome. Each mRNA codon is decoded
by a specific aminoacyl-tRNA species and delivered to the ribosome
as a ternary complex with the GTP-bound translation factor EF-Tu
(EF-Tu-GTP-aminoacyl-tRNA)*°. During tRNA selection, the ternary
complex first transiently engages the leading edge of the ribosome
at the aminoacyl (A) site in a codon-independent manner®. Improper
base pairing between the mRNA codon in the A site and near-cognate
and noncognate aminoacyl-tRNAs results ininefficient domain closure
within the small subunit (SSU) of the ribosome, which leads to rapid
dissociation of the ternary complex. By contrast, proper base pairing
facilitates ternary complex capture via SSU domain closure, which
forms the codon recognition (CR) state. SSU domain closure facilitates
EF-Tu docking to the large subunit of the ribosome, which ultimately
forms the GTPase-activated (GA) state resulting in GTP hydrolysis.
Subsequently, aminoacyl-tRNAis released from EF-Tuto enter the large
subunit peptidyl transferase center, whereit achieves a fullyaccommo-
dated (AC) state capable of peptide bond formation®~*. In the current
kinetic model of mRNA decoding****, CR-to-GA transitions represent
theinitial selection process, while GA-to-AC transitions represent the
proofreading process. Structural transitions associated with initial
selection and proofreading, quantified by smFRET" as well as with
molecular dynamics simulations®, indicate that the rate and fidelity of
mRNA decoding requires geometric alignment of theincoming ternary

complex and aminoacyl-tRNA with the GTPase-activating and peptidyl
transferase centers, respectively.

Using PRE-smFRET, we simultaneously assessed the rate and fidel-
ity of tRNA selection on the Escherichia coli ribosome for two cog-
nate and two near-cognate codons to the phenylalanine tRNA under
pre-steady-state conditions. To perform these studies, we assembled
four bacterial ribosome initiation complexes (ICs) programmed with
Cy3-labeled tRNA™<t in the P site each with a unique codon in the A
site: cognate (phenylalanine, UUU and UUC) or near cognate (leu-
cine, CUC; serine, UCC) (Methods). We achieved spatial localization
of four ICs within a single FOV by including a unique tether sequence
upstream of the start (AUG) codon of eachmRNA to enable mRNA-DNA
hybrid formation with its corresponding surface anchorin2 x 2 array
format (Fig. 5a). After ICimmobilization, tRNA selection was initi-
ated by stopped-flow delivery of 50 nM ternary complex formed with
LD655-labeled L-a-Phe-tRNA™ (GAA anticodon) (Methods). After data
collection, the microfluidic device was reset via TMSD to enable eight
experimental replicates within the same microfluidic device.

Asexpected, ribosomes bearing cognate codons rapidly and effi-
ciently incorporated Phe-tRNA™™ (catalytic efficiency for UUC-bearing
ICs; 38 + 1 pM™'s™) via efficient passage through CR (FRET effi-
ciency = 0.2), GA (FRET efficiency = 0.5) and AC (FRET efficiency = 0.75)
states®™’ (Fig. 5b and Extended Data Fig. 7b). Consistent with a
high-fidelity, energy-efficient process®*, ribosomes programmed
with near-cognate codons rapidly and efficiently rejected the same
ternary complex, primarily duringinitial selection. The shorter lifetime
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Fig. 5| Simultaneous measurement of tRNA-decoding fidelity with ERASE.

a, Ribosome complexes are region specifically immobilized through
hybridization between a programmed tether domain of eachmRNA and a
surface-immobilized DNA anchor. Four complexes carrying unique A site codons
are measured simultaneously: two cognate (UUU and UUC) and two near cognate
(CUCand UCC). Rates of transitions between the key tRNA selection steps (IC, CR,
GA and AC states) are measured by smFRET. b, FRET contour plots reveal changes
intRNA selection fidelity with and without streptomycin, a miscoding-inducing

log odds of state transition

antibiotic. ¢, Streptomycin results in alower rate of ternary complex binding to
the ribosome for both cognate and near-cognate codons. Data points represent
mean, error bars, s.e.m.; Pvalues, two-tailed unpaired ¢-test. d, Log odds of
forward transition through initial selection and proofreading in the absence and
presence of streptomycin. Data points represent estimated log odds of state
transition, error bars denote standard error of estimate from logistic regression,
where Pvalues are derived with the Wald test. Data used for ¢,d represent nine (no
streptomycin condition) or 14 (streptomycin condition) independent repeats.

of the GA state in near-cognate complexes results in alower apparent
FRET efficiency due to time averaging®'. The observed differences in
population FRET histograms comparing both cognate codons and
both near-cognate codons (Fig. 5b) are consistent with kinetic and
fidelity distinctions documented using ensemble stopped-flow inves-
tigations®®. These findings highlight the potential of PRE-smFRET to
differentiate mRNA-decoding rates when only single hydrogen bonds
arealtered in the mRNA codon-tRNA anticodon pair.

We next performed equivalent experiments in the presence of the
miscoding-inducing aminoglycoside antibiotic streptomycin, which
binds adjacent to the decoding center through interactions with 16S
ribosomal RNA (rRNA)*. As anticipated from ensemble measurements®’,
streptomycinreduced the overall rate of mRNA decoding (thatis, from TC
injectionto AC; Extended Data Fig. 7a) on cognate codons while efficiently
promoting Phe-tRNA™™ misincorporation on ribosomes programmed

with both near-cognate codons (Fig. 5b and Extended Data Fig. 7c).
Strikingly, and in contrast to previous findings®, streptomycin reduced
the apparent rate of ternary complex binding to the ribosome by
approximately twofold (Fig. 5¢c). Also unexpectedly, streptomycin sig-
nificantly increased the mRNA-decoding rates (that is, from CR to AC;
Extended DataFig.7b) and efficiencies of initial selection and proofread-
ing (Extended Data Fig.7d and Fig. 5d) for both cognate and near-cognate
mRNA decoding. Based on extant literature® >, we speculate that strep-
tomycin likely exerts both impacts through the parsimonious mecha-
nism of promoting SSU domain closure. This process would prevent
aminoacyl-tRNA access to the mRNA codon, thus slowing the CR process,
while promoting productive tRNA incorporation by stabilizing codon-
anticodoninteractions throughout the decoding process”. Future inves-
tigations willberequired to ascertain whether this conclusionis specific
to streptomycin or general to other aminoglycoside class antibiotics.
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Fig. 6| PRE-smFRET reveals differentialimpact of tetracycline class antibiotics
onribosomes bearing endogenously encoded rRNA sequence variation. a, Map
of E. coliK-12 chromosome showing the location of each of the seven rRNA operons.
b, Organization of rrnBand rrnHBB. Each transcript is expressed from tandem
promoters (P, and P,) and encodes a16S rRNA (rrsB for rrnB, rrsH for rrnHBB),
a23SrRNA and a5S rRNA and is terminated at tandem terminators (t; and t,). Variant

Variant base position

Log odds of accommodation

basesin16S rRNA are highlighted. ¢, Log odds of tRNA selection in the absence of
drug, the presence of 1 uM tetracycline and the presence of 100 nM oxytetracycline
for rrnBand rrnHBB ribosomesisolated from A7prrn-BBB and A7prrn-HBB,
respectively. Datacomprise five independent repeats for each condition. Data
points represent estimated log odds of accommodation, error bars denote standard
error of estimate from logistic regression and Pvalues are derived with the Wald test.

PRE-smF(RET) reveals differential antibiotic sensitivity of
ribosomes bearing rRNA sequence variation

To demonstrate the application of PRE-smFRET to the emerging
frontier of investigating the functional consequences of ribosome
heterogeneities®**, we examined the functions of two evolutionarily
conserved ribosome subtypes found in £. coli. Laboratory strains of
E. coli, such asMG1655, encode seven ribosomal DNA operons in their
genomes that are expressed at different levels under distinct growth
conditions® (Fig. 6a). While all seven ribosomal DNA operons support
life®*, nutrient limitation-induced stress alters the cellular ribosome
pool such that ribosomes formed from operons distal to the origin of
replication (rrnD, rrnG and rrnH) become relatively more abundant,
while three of the four operons near the origin become relatively less
abundant (rrnA, rrnB and rrnE) and others (rrnC) remain unchanged®.
The rrnH operon, the most highly enriched upon nutrient limitation
and the most evolutionarily conserved across the Enterobacter genus,
was further shown to programmatically alter gene expression and phe-
notype in amanner that potentiated the nutrient limitation-induced
stress response?®.

Strikingly, these investigations also showed that cells exclusively
expressing ribosomes bearing either the SSU head domain sequence
ofthe rrnB operon or the ten SNPs presentin the rrsH gene of the rrnH
operon (Fig. 6b) exhibited altered sensitivities to tetracycline class
antibiotics®, clinically relevant small molecules that bind directly to
the SSU head domain to inhibit mRNA decoding®. Specifically, cells
expressing ribosomes bearing rrsH variants were relatively resistant
totetracycline and relatively sensitive to oxytetracycline®. Leveraging
the power of PRE-smFRET to perform experiments under identical
experimental conditions, we conclusively demonstrate that evolu-
tionarily conserved ribosome subtypes bearing rrsH variants show
differential sensitivities to drugs in the same antibiotic class (Fig. 6¢
and Extended DataFig. 8).

Discussion

smF imaging has revolutionized the study of conformational dynam-
ics in biomolecular systems by providing direct access to the order
and timing of events as well as detection of rare and transient species
undetectable by ensemble methods?. Another critical advantage is that
single-molecule methods require only picomole quantities of material.
This relatively modest material demand has been vital to the frontier
of in-depth biophysical interrogations of mammalian systems*”%>%,
which are otherwise difficult to access given the substantially (~100-
1000-fold) greater material requirements for ensemble interrogations.
However, as for all biophysical methodsin which experiments mustbe
carried out in sequence, single-molecule measurements have been
hampered by low experimental throughput. Comparative studies are

thus time consuming and potentially prone to inherent experimental
variabilities. Consequently, confidence in subtle functional distinc-
tions is reduced and potentially important biological insights may
be overlooked.

Spurred by this challenge, strategies have been developed to
increase the experimental throughput of single-molecule imaging,
including multiplexed investigations. Confocal-based single-molecule
imaging methods have been introduced with plate reader automa-
tion strategies”. However, such methods are inherently sequential in
practice, time consuming and limited to ~1 ms bursts. Camera-based
methods have been introduced that enable imaging of thousands
of distinct molecules over extended periods (multiple seconds) in a
single experiment'”', However, these approaches appear restricted to
DNA samples that are stable over long observation periods (reported
to be multiple days) and they are currently restricted to steady-state
conditions. Such constraints are generally unsuitable for inherently
unstable biological samples (thatis, mammalian systems) and preclude
pre-steady-state measurements of irreversible processes. This method
alsorelies on complex a posteriori methods to identify the molecules
that have been imaged, requiring next-generation sequencing and
resulting in undesirable assignment lag times and uncertainties.

PRE-smF and PRE-smFRET uniquely enable high spatial and tem-
poral resolution parallel single-molecule investigations of diverse bio-
logical specimens under both steady- and pre-steady-state conditions.
PRE-smF(RET) leverages a pTIRF imaging platform and highly custom-
izable microfluidic devices, in which microcontact printing, combined
with ERASE technology-enabled DNA barcoding, is used to array biomol-
ecules in a manner that provides a priori knowledge of the identity of
eachsample. Thisapproach canberepeated withinasingle microfluidic
device and requires multiple orders of magnitude less material than
ensemble stopped-flow investigations, the current gold standard of
kinetic measurements. Our findings demonstrate that PRE-smF(RET)
increases experimental throughput, reduces experimental variance
and offersan approach that can reveal even subtle kinetic and structural
insights across abroad range of diverse biological systems.

In the current embodiment of PRE-smF(RET), we demonstrate
simultaneousinterrogation of four (eight with spectral multiplexing)
distinct samplesin parallel. Efforts to further increase parallelization
and advance the scalability of this approach will be enabled by com-
putational design of orthogonal TMSD networks, printing smaller
features and imaging with larger camera sensors. For instance, by
implementing contactless printing methods and cameras with larger
chip areas, we can already achieve parallel imaging of nine samples
within one FOV without spectral multiplexing (Extended Data Fig. 9
and Supplementary Note 2), thus increasing experimental throughput
by an additional twofold.
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Careful scaling of printed arrays using direct printing, a larger
number of orthogonal ERASE systems and DNA-barcoded protein
libraries”, together with automated microscopy and fluidics systems,
could ultimately enable high-throughput screening for diverse applica-
tions. Alternative means for orthogonal tethering of distinct biomol-
ecules are also foreseeable, such as the direct printing of antibody or
nanobody libraries for direct pulldown of molecules of interest from
complex mixtures®®. Continued progress on this front will advance
an era of single-molecule biophysics with enhanced experimental
throughput and sensitivity that is capable of affording insights and
knowledge vital to understanding biological function and regulation
that were previously inaccessible.
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Methods

Refer to Supplementary Tables 1 and 5 for the sequences of all DNA
oligonucleotides used in this study. Refer to Supplementary Table 4
for alist of materials and equipment used in this study.

DNA labeling

DNA was labeled with fluorophores as described previously?. Inbrief,
amino-modified DNA was labeled with a tenfold molar excess of NHS
ester-activated fluorophoreinafinal volume of 10 plin labeling buffer
(50 mM potassiumborate (pH 8.1),200 mM KCland 10% DMSO) for1h
atroom temperature. Thelabeling reaction was quenched with 0.2 pl
1MTris-acetate (pH7.5), and then complementary strands for each dye
distance were mixed in an equimolar ratio. Strands were annealed by
heating to 90 °C for 2 min and then allowed to passively cool to room
temperature. To this, 10 pl of 3 M sodium acetate (pH 6) was added
for neutralization, followed by dilution to 100 pl with water. DNA was
precipitated with ethanol (300 pl) at -20 °C overnight. Precipitated
DNA was collected by centrifugation at 18,400g for 20 min. The pellet
wasresuspendedin400 plof buffer A (1.7 Mammonium sulfate, 10 mM
ammonium acetate, pH 5.8) and further purified on a phenyl-5PW
column (FPLC, Akta Purifier, GE Healthcare) by eluting over agradient
from buffer A to buffer B (10% methanol, 10 mM ammonium acetate,
pH 5.8). The desired peak of interest was collected and used directly
for smF(RET) investigations.

Conjugation of tether DNAs to antibody

Tether DNA sequences at equimolar concentrations were individually
conjugated to a mouse high-affinity anti-Strep tag IgGl monoclonal
antibody (StrepMAB-Immo, IBA) using the Oligonucleotide Conjuga-
tion Kit (Abcam) according to the manufacturer’s instructions.

Preparation of B-arrestinl reagents and samples
LD555p-MAL and LD655-MAL (Lumidyne Technologies) were reconsti-
tutedin DMSO. V2Rpp (synthesized by the peptide synthesis core facil-
ity at Tufts University) was resuspended in20 mMHEPES (pH 7.0) with
100 mM NaCl at afinal concentration of 2 mM. Glucose oxidase (Sigma)
and catalase (Sigma) were each resuspended in T50 buffer (10 mM
Tris-acetate, pH7.5,50 mM KCI) with10 mM 2-mercaptoethanol. Cata-
lase was further purified by size exclusion chromatography.
Sequences for site-specific cysteines were introduced in the
previously reported parental pTrcHisB plasmid encoding the
Strep-tagged, cysteine-less variants of bovine (3-arrestinl (ref. 69)
(Supplementary Table 3) using QuickChange site-directed mutagen-
esis (Agilent). The B-arrestin variants, each carrying two cysteines,
were overexpressed in BL21-Gold competent E. coli cells by induction
with 35 uMisopropyl B-D-thiogalactopyranoside for 6 hat 30 °C. The
cells were lysed by incubating with lysozyme (Sigma) followed by
high-pressure (3.5-7 MPa) homogenization using the EmulsiFlex-C3
instrument (Avestin). B-arrestin variants were purified from the cell
lysates by ammonium sulfate precipitation followed by affinity chro-
matography using Strep-Tactin Superflow high-capacity resin (IBA
Lifesciences). The purified proteins were first labeled with an 0.8 M
excess of LD555p-MAL (Lumidyne Technologies) followed by a2 M
excess of LD655-MAL (Lumidyne Technologies) for an additional 3 h.
Free dye was separated from the labeled proteins using aZeba2 ml 7k
MWCO Spin Desalting Column (Thermo Fisher)".

Single-molecule prism-based TIRF imaging platform for rapid
solution exchange during imaging

Single-molecule imaging experiments were performed using a
custom-built pTIRF microscope, as described previously?. The imag-
ing platformisaNikon Ti2 microscope equipped with asuperresolution
water-immersion objective lens (Nikon CFISRPlan Apo IR 60x1.27 NA
WI), continuous-wave excitation lasers (0.5 W 473 nm Laser Quantum
Ciel, 6 W 532 nm Laser Quantum Opus, 1W 640 nm Coherent Genesis

anda0.5W721nm Laserglow) coupled to the observation chamber via
acustom-fabricated quartz prism (Eksma) and synchronized scientific
complementary metal oxide semiconductor cameras (Hamamatsu
Fusion C14440-20UP).

To ensure uniform illumination intensity, all laser lines were
passed through a flat-field beam-shaping element. A flat-top, rec-
tangular illumination profile was achieved using a beam-expanding
telescope, a shearing interferometer (Thorlabs, SI050, SIVS) and a
Gaussian-to-top-hatbeam-shaping lens (Eksma, GTH-3.6-1.75FA-VIS)™°
(Extended Data Fig. 1). The high-aspect-ratio rectangular illumina-
tion profile was expanded into a square profile with a cylindrical lens
telescope consisting of an achromatic doublet (Thorlabs, ACY254-
075-A) and a plano-concave singlet lens (Thorlabs, LKI92O0L1-A). An
achromatic doublet laser-focusing lens (Thorlabs, AC254-100-A) was
used to minimize chromatic aberration, with the focal length chosen
tofilltheimaging area.

All smF imaging data were acquired with custom microscope
control software writtenin LabVIEW (National Instruments) and C++.
The microfluidic system, controlled by CETONI Elements software, was
synchronized with the imaging system viaa TTL trigger pulse. Unless
otherwise stated, all sSmFRET data were processed with SPARTAN*®
version3.9.2to extractand correct FRET traces. Traces were assigned
to corresponding printed spots that were precisely delineated using
the Canny edge algorithm” and RANSAC’fitting of circles to detected
arc-shaped edges.

Computer-controlled microfluidic system

The core of the computer-controlled microfluidic system (Fig. 3a) isa
motorized ten-port, two-position valve (CETONI) with two PEEK tubing
injection loops. Each loop was loaded using a Hamilton syringe viaan
HPLC port (Rheodyne), and its content was injected into the observa-
tion chamber at a user-defined time point during data acquisition. To
achieverapid response times, we minimized both hydraulic resistance
and hydraulic capacitance (the ability of the system to store and release
fluid due to elastic expansion and compression) by using rigid PEEK
tubing, astainless steel syringe and the shortest feasible connections
withrelatively large inner diameters. This design balances the compet-
ingneed toreduce dead volume, critical for conserving material, while
maintaining low flow resistance. System performance was optimized
through extensive empirical testing, and a pressure-monitoring mod-
ulewasincludedto detect clogs or leaks based on expected backpres-
sure values. Fluid flow through either injection loop was controlled
using a motorized syringe pump (CETONI) driving an 8 ml stainless
steel syringe (Harvard Apparatus) filled with the working buffer. The
working buffer was selected with a motorized six-port valve (Valco
Instruments). The valves and the pump were controlled via CETONI
Elements software.

To measure the effective solution exchange (mixing) time within
the evanescent field, 250 nM LD555 dye was injected over arange of flow
rates whileimagingatatime resolution of 5 mswith 532nm (125 W cm™)
laserillumination. The concentration rise time was quantified using the
10-90% criterion (Fig. 3b). Experiments with Liv-BP*® (Fig. 3d,e) were
performedin30 mM Tris (pH 7.0) with150 mM NaCl and simultaneous
illumination from 532nm (150 W cm2) and 721nm (130 W cm ) lasers at
atimeresolution of 10 ms. A mixture of 25 pMleucine and 250 nM Cy7
(toindependently measure the effective solution exchange time) was
injected at ¢ =400 ms and rinsed at £ =900 ms from the start of imag-
ing. Datawere acquired from 33 independent FOVs under automated
computer control, with solution exchange times of 60 ms.

Preparation of microarrayed imaging chambers

PEGylation of quartz slides and assembly into microfluidic imaging
chambers are summarized in Extended Data Fig. 2. Quartz slides
(25 mm x 76 mm, 1 mm thick) were prepared by drilling ten holes
along each long edge using a ball-tipped diamond-coated drilling bit
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mountedinahigh-speed drill press (Extended Data Fig. 2a). A custom
indexing slide-holding fixture with spring-loaded slide-securing pins
was mounted on the drill press table to aid in precise drilling. The fix-
ture maintains slide position against fixed stops and includes a water
reservoir to enable submerged drilling, which reduces chipping and
prevents dust adhesion. This fixture was fabricated by 3D printing
(Formlabs Form 4 printer with Tough2000 resin). The parametric CAD
design, available on the Blanchard laboratory GitHub (https://github.
com/stjude-smc/CAD-indexed-slide-drilling-fixture), enables adjust-
mentofhole pitchand channel number and canbe readily adapted for
custom layouts. After drilling, slides were laser engraved with a unique
identifier and coverslips were engraved to track the passivated sides
throughout the process (Extended Data Fig. 2b).

Slides and coverslips were cleaned by sequential sonica-
tion: 10 min in water, 20 min in acetone, 20 min in 1M KOH pre-
pared from semiconductor-grade powder and 10 min in water
(Extended Data Fig. 2c). After the final rinse, the slides were briefly
dried. To remove residual organics, slides were flame treated for
30-60 s on each side using a propane torch and then cooled down
(Extended Data Fig. 2d). Silanization was performed by swirling the
slides and coverslips in a mixture of 122 ml VECTABOND in 700 ml dry
acetone for 2 min (Extended Data Fig. 2e), followed by quenching in
al:1acetone-water mixture for 1 min (Extended Data Fig. 2f). Slides
were rinsed twice with water and air-dried.

Surface passivation was performed using a 1:100 mixture of
NHS-biotin-PEG and NHS-PEG (both 5 kDa), dissolved at a total con-
centration of 100 pg pl™ in 100 mM potassium borate buffer, pH 8.1
(Extended Data Fig. 2f). Sixty-five pl of the PEG solution was applied
on eachslide, followed by placement of a coverslip to ensure uniform
spreading (Extended DataFig. 2h). Slides were incubated for 1 hat room
temperature ina humidified chamber (Extended Data Fig. 2i) and then
rinsed thoroughly under water and air-dried (Extended Data Fig. 2j). To
cap unreacted amines, 25 mM sulfo-NHS-acetate in 100 mM potassium
borate buffer, pH 8.1, was applied to the slides in the same manner as
for PEGylation. After1 h ofincubation, slides were rinsed and air-dried.

Microarrays were printed on passivated quartz slides using a
pin-based arrayer (Quanterix, 2470) using a 110 pm deposition pin,
60% humidity and an extended pin-rinse duration of 5 s to avoid
cross-contamination. For each unique ERASE sequence, anchor-
streptavidin complexes were prepared by mixing 1,3 trans-bivalent
streptavidin’and biotinylated ERASE anchor at an equimolar ratioin
T50 buffer with 50% (vol/vol) glycerol. Each microarray consisted of 60
identical subarrays, with each subarray containing four unique ERASE
anchor-streptavidin complexes, printed at 250 nM, arrangedina2 x 2
gridwithadistance of 160 pum between the closest spots (Fig.1d). The
subarrays were arranged in a 3 x 20 matrix along the channel, with a
distance of 400 pm between subarrays.

To create microfluidic chambers on the passivated and microar-
rayed quartzslides, adhesive gaskets were laser cut from double-sided
acrylic adhesive polyester film and applied to form ten independent
flow channels, each with precisely positioned inlet and outlet ports.
Slides constructed in this manner were stored with desiccant in the
dark until use.

Single-molecule imaging of DNA samples

Experiments with fluorescently labeled DNA were performedin10 mM
Tris-HCI (pH 7.5), 200 mM KClI buffer. Samples were introduced at
1nM and incubated until the desired surface density was reached.
Unless otherwise mentioned, we used anenzymatic oxygen-scavenging
system’*” consisting of 1 mM 3,4-dihydroxybenzoic acid and 50 nM
protocatechuate 3,4-deoxygenase.

Datain Fig. 2a were collected from LD555- and/or LD655-labeled
DNA FRET duplexes (with LD555 at the 5’ end of the tether-barcoded
strand and LD655 at 11, 14, 17 or 20 nucleotides away on the comple-
mentary strand). We used stroboscopicimaging witha10% duty cycle

to mitigate photobleaching. The FOV was intermittently illuminated
for 100 ms by a 532 nm laser (65 W cm™), an image was saved, and the
process was repeated every 1,000 ms. Particles in each quadrant of
the Cy5 spectral channel were counted using a custom Python script,
whichincluded flat-field correction, thresholding and local maximum
detection in each frame of the movie.

FRET data shown in Fig. 2b were acquired using the same DNA
FRET duplexes at an exposure time of 500 ms and continuous 532 nm
illumination (140 W cm™). Criteria for selecting traces were: correlation
coefficientbetweendonorandacceptor from-1.1t0 0.5, signal-to-noise
ratio > 8, background noise < 70 cts and FRET lifetime > 15 frames.

Fluorophore performance (Fig. 2c and Supplementary Table 2) was
characterized atatime resolution of 100 ms using 532 nmand 635 nm
(bothat130 W cm™) illuminationin alternating-laser excitation mode
to avoid indirect excitation of red fluorophores. smF traces were ana-
lyzed using SPARTAN*® version 3.9.2 to determine fluorescence inten-
sity, signal-to-noise ratio (mean total fluorescence intensity divided
bythes.d. of total intensity before photobleaching) and photonyield.

To quantify the variability of photophysical behavior withinasin-
gleexperiment compared to independent experiments, we performed
repeated independent immobilization of LD655-1abeled DNA. For
each experimental repeat, we extracted traces from each of the four
quadrants and calculated the mean and s.d. of photon yield between
each quadrantin the same repeat. For comparison, we calculated the
mean and s.d. of photon yield between each repeat. These data show
that parallelization reduces the standard deviation of the total photon
count measured by fourfold (Extended Data Fig. 4b).

Single-molecule FRET experiments with B-arrestinl
Fluorophore-labeled B-arrestin variants and tether-conjugated
StrepMAB-Immo were mixed at an equimolar ratio to form antibody-
arrestin complexes with distinct tether DNA sequences. After 5 min
of incubation, complexes were diluted to 5 nM with imaging buffer
(50 mM HEPES-NaOH, pH 7.5, 150 mM Nacl, 0.8% (wt/vol) glucose)
containing ablock mixture (2 uM 25-nucleotide DNA duplex (IDT) and
2 UM BSA) to reduce any nonspecific binding to the imaging surface.
Complexes were sequentially injected into the microfluidic channel
and incubated until sufficient confluence had been achieved. Data
were collected withincreasing concentrations of V2Rpp containing glu-
cose oxidase (2.5 U ml™) and catalase (1.75 U pl™). For pre-steady-state
experiments, V2Rpp atincreasing concentrationswasintroducedat5s
and rinsed with imaging buffer at 25 s. Data were acquired from 12-15
independent FOVs under automated computer control, with estimated
buffer exchange times of -100 ms. Between conditions, the molecules
were removed from the surface with a mixture of switch oligonucleo-
tides (1 uM each), and fresh arrestin sensors were immobilized.

A 532 nm laser was used for illumination, with a power den-
sity of 52 W cm™ for steady-state experiments and 44 W cm™ for
pre-steady-state experiments using the computer-controlled fluidic
system. All data were collected with an integration time of 100 ms.
The selection criteria for FRET traces were: correlation coefficient
between donorand acceptor from-1.1to 0.5, signal-to-noise ratio > 20,
signal-to-noise (FRET) ratio > 8 for all sensorsin non-equilibriumexper-
iments (>6 for C-domain rotation sensor in equilibrium experiments),
background noise <100 and FRET lifetime > 50 frames for equilibrium
experiments (>300 for the non-equilibrium experiments).

For steady-state determination of the apparent dissociation constant,
single-molecule traces were analyzed for V2Rpp concentration-
dependent loss of basal-state occupancy with HMM and likelihood maxi-
mization for C-tail 1, C-tail 2 and finger loop sensors. For the C-domain
rotation sensor, we quantified the affinity by measuring the change in
mean FRET efficiency as a function of V2Rpp concentration, as the mag-
nitude of FRET change (~0.03) isbelow the sensitivity threshold of HMM.
The apparent association (kPP) rates of V2Rpp binding to the C-tail and
finger loop sensors (the slope of the linear fit) were measured using the
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observed rates of transition from basal to active statesup to1 uM of V2Rpp
before it starts plateauing. Apparent rates of V2Rpp dissociation (K27)
wereindependent of V2Rpp concentration, and were determined by linear
fitting of the observed rates of transition between 3 and 30 uM V2Rpp.

For pre-equilibrium experiments, the observed binding rate (k)
at each concentration was estimated by calculating the waiting time
foreach molecule between injection of V2Rpp and the first transition
totheactive FRET state, t,,, (Fig. 4e and Supplementary Table 3). Cumu-
lative distributions of waiting times were fit with a double-exponential
function. Observed binding rates (Extended Data Fig. 5) represent the
dominant component of the fit. The bimolecular association rate
constant kPP was determined by fitting of the concentration depend-
ence of k,,,. To estimate dissociation rates (k2f"), the waiting times
betweenrinse-out of V2Rpp and adoption of stable basal FRET (Fig. 4e
and Supplementary Table 3) were calculated. Dissociation rates were
then estimated by fitting the cumulative distributions of waiting times
with a single-exponential function.

Single-molecule FRET of bacterial ribosome complexes
Bacterial ICs programmed with Cy3-fMet-tRNAf in the P site were
made as described previously®. Briefly, tight-coupled 70S ribosomes
were purified from E. coli MRE60O by cryomilling (MM400, Retsch),
resuspension in lysis buffer (20 mM Tris-HCI (pH 7.5), 100 mM NH,ClI,
10 mM MgCl,, 0.1 MM EDTA, 6 mM 2-mercaptoethanol), two rounds of
ultracentrifugation at 126,000g for 22 h through a 37% sucrose cush-
ion (20 mM Tris-HCI (pH 7.5), 500 mM NH,CI, 10 mM MgCl,, 0.1 mM
EDTA, 6 mM 2-mercaptoethanol) and isolation by ultracentrifugation
at 87,000g for 19 h using an SW28 rotor (Beckman) through a10-40%
sucrose gradient made in lysis buffer. Individual 30S and 50S subunits
were purified from 70S ribosomes by dialysis against bacterial poly-
mix buffer (see below) containing 1 mM MgCl,, followed by 10-40%
sucrose gradient ultracentrifugation in the same buffer. All steps
were performed at 4 °C. Bacterial ICs were initiated on synthesized
gene32-derived mRNA by first mixing 30 pmol of each of the 30S and
50S subunits with100 pmol of each of the recombinantly expressed and
purified initiation factors IF-1, IF-2 and IF-3 and 50 pmol of S1 protein,
1 mM GTP and 1 mM myokinase in bacterial polymix buffer (50 mM
Tris-OAc (pH7.5),100 mMKCI, 5 mM NH,0Ac, 5 mM Mg(OAc),, 0.5 mM
Ca(OAc),, 5 mM putrescine, 1 mM spermidine, 0.1 mM EDTA, 6 mM
2-mercaptoethanol). Next, 100 pmol of in situ aminoacylated and for-
mylated Cy3-fMet-tRNAf*and 100 pmol mRNA were added to the reac-
tion, the final volume was adjusted to 50 pl, and samples were incubated
for 15 minat 37 °C. To isolate bacterial ICs, the reaction was loaded on
top of a10-40% sucrose gradient and then centrifuged at 112,000g
for 14 h at 4 °C. All sucrose gradients were fractionated using a Piston
Gradient Fractionator (Biocomp). IC-containing fractions were pooled,
aliquoted and stored in liquid nitrogen until use. A unique mRNA was
used to prepare each complex suchthataspecified codonwas displayed
inthe Asite, withanassociated unique tether sequenceinthe 5’ UTR. All
tRNA selectionexperiments were performed in bacterial polymix buffer
supplemented witha cocktail of triplet-state quenchers (1mM cyclooc-
tatetraene,1 mMnitrobenzylalcoholand1 mM Trolox) and an enzymatic
oxygen-scavenging system (2 mM protocatechuicacid and 50 nM pro-
tocatechuate 3,4-dioxygenase)”. ICs were site specifically immobilized
viahybridization of the mRNA tether with surface-immobilized anchor
DNA. Tosuppress the appearance of hybrid states®, surface-tethered ICs
were treated with puromycin-containing polymix (pH 8.5) to deacylated
P-site tRNA. ICs were then equilibrated with polymix buffer at pH 7.5,
containingeither no streptomycin or 20 pM streptomycin. A preformed
ternary complex consisting of 50 nM Phe-tRNA"-LD655,500 nM EF-Tu-
EF-Tsand 500 uM GTPwasinjected, and data were collected at either an
integration time of 10 ms and an irradiance of 550 W cm™ with at least
tenrepeats per condition (Fig. 5b—d and Extended DataFig. 6b,d) or an
integration time of 100 ms and an irradiance of 40 W cm™ with three
repeats per condition (Extended Data Fig. 7a,c).

Extraction of fluorescence intensities and calculation of FRET
intensity traces were performed using SPARTAN 3.9.2 (ref. 28). The
selection criteria for taking traces forward for further analysis were:
correlation coefficient between donor and acceptor from -1.1to0 0.5,
signal-to-noise ratio > 8, background noise < 70 cts, FRET at first
frame < 0.1and highest FRET value > 0.2.

Selected traces were idealized using segmental k-means asimple-
mented in SPARTAN with a previously validated kinetic model*'. Pop-
ulation histograms (Fig. 5b) were produced by identifying all FRET
eventsbyidealization to asimple two-state model and then separating
and synchronizing each event to the appearance of FRET. The overall
rate of aminoacyl-tRNA accommodation (Extended Data Fig. 7c) was
determined from experiments performed at an integration time of
100 ms. Accommodation times, ,.commodation (EXtended Data Fig. 7a),
were calculated from the wait time between TC injection and arrival
to AC. Wait times were used to construct a cumulative distribution,
which was then fit with a two-exponential function with a delay to
account for buffer exchange times. Rates of initial binding (Fig. 5¢),
the rate of mMRNA decoding (Extended Data Fig. 7d) and comparison
of tRNA accommodation probabilities (Fig. 5d) were calculated from
experiments performed at an integration time of 10 ms.

The rate of initial binding was estimated by identifying the first
arrival to FRET for each molecule after injection of ternary com-
plex, tyinging (Extended Data Fig. 7b). A cumulative distribution of
observed waiting times was generated, and these distributions were
fitted with a double-exponential function with a delay to account
for buffer exchange time. The mRNA-decoding rate (that is, from CR
to AC) was determined by first identifying all FRET events resulting
in accommodation and then calculating the passage time from the
first nonzero FRET state to AC for each event, fyecoding- A Cumulative
distribution was constructed from the passage times and fit with a
double-exponential function. Rates of overall aminoacyl-tRNAaccom-
modation (Extended Data Fig. 7¢), initial binding (Fig. 5c) and mRNA
decoding (Extended DataFig. 7d) represent the dominant component
from double-exponential fitting.

Comparison of tRNA accommodation probability, as shown in
Fig. 5d, was performed by first calculating the number of transitions
betweenstates from HMM idealizations. State transition probabilities
were compared between conditions (with and without streptomycin)
using logistic regression, implementedin R version4.1.2 using the glm
function from the stats package.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Data generated during this study are available on request from the
corresponding author, S.C.B.

Code availability

TIRF data were acquired using in-house-developed software for micro-
scope control. All smFRET data were processed in the SPARTAN soft-
ware environment, which is available on GitHub (https://github.com/
stjude-smc). The microfluidic system was controlled using CETONI Ele-
ments (CETONI). Custom scripts for specific analyses and visualizations,
whichrely on Python (dask,Jupyter, Matplotlib, napari, NumPy, pandas,
plotnine, SciPy and uncertainties), R (dplyr, ggplot2, stats, tidyr and
z00), MATLAB and Origin, are available upon request to corresponding
author, S.C.B.
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Extended DataFig. 1| Imaging platform for p-TIRF smFRET. (a) Schematic
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filter; CLT, cylindrical lens beam expanding telescope; CU, laser clean up filter;
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X Position (um)
illumination profiles (640 nm), obtained using a 20x air objectiveimaging aslide
filled with LD655 fluorophores free in solution: Gaussian illumination (left), flat
top illumination without (middle), and with (right) cylindrical lens telescope.
Dashed square overlay shows the 60x magnification microscope field of view
used for single molecule imaging. (c) Distribution of fluorescent molecules by
their average photon count per 100 ms exposure time demonstrating more
homogeneousillumination compared to Gaussian illumination profile.
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determined from molecules extracted within each quadrant of one experimental
repeat (>2000 molecules per quadrant). Data points represent mean and SD of
photonyield across quadrants. For comparison, we calculated the mean and S.D.
of photon yield across the same 4 independent experimental repeats (Combined;
>8000 molecules per repeat). Standard deviation of measured photonyield is
4-fold lower when measured in parallel (average SD across four PRE- smF repeats)
compared toindependent experiments.
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Extended Data Fig. 5| Affinity of B-arrestinl sensors towards V2Rpp measured
using PRE-smFRET. Apparent dissociation constant (K3PP) estimated from
steady-state V2Rpp titrations against B-arrestinl sensors. (a) Comparison of K
for sensors used for steady-state and pre-steady-state studies. (b) Effect of
labelling-site mimicking mutations in C-tail 1and C-domain rotation sensors. For

app
D

both (a) and (b), plots show mean and SD of KP values determined from 3 (C-tail
2,Finger loop, C-tail1D69A, C-tail1 L191A, C-domain rotation D69A, C-domain
rotation K397A) or 9 (C-tail 1, C-domain rotation) independent repeats. P values
are from independent two-tail t-tests.
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Extended Data Fig. 6 | Determination of bimolecular association rate of V2Rpp
peptide and four distinct B-arrestin sensors from pre- steady state PRE-
smFRET measurements. (a) Observed binding rates, k,,, were determined at
concentrations from 2 to 10 pM of V2Rpp from the observed rate of entry into the
low FRET (active) state following peptide addition by rapid computer-controlled
injection. Dissociation rates, ka';p, were estimated from rate of return to stable
high FRET (basal) state following wash out of V2Rpp. Bimolecular association

rate constant, kK>>°, was determined by fitting of the concentration dependance

of k,ys. Error bars in observed binding rates denote SEM determined from 1000
bootstrap resamples. (b) Measured bimolecular association rates from
pre-steady-state PRE-smFRET measurements of V2Rpp induced B-arrestinl
conformational change, determined by linear fitting of (a). Error bars denote
associated standard error of slope from linear fitting. P values are from F-test.
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Extended Data Fig. 7| Kinetic analysis of tRNA selection. (a) Representative
smFRET trace of tRNA selection measured at 100 ms time-resolution. Apparent
rates of aminoacyl-tRNA accommodation (see (c)) were calculated from

waiting time from ternary-complex injection to accommodation, t,ccommodation
(b) Representative smFRET trace of tRNA selection measured at 10 ms
time-resolution. Apparent rates of initial binding (see Fig. 5c) were calculated
from waiting time from ternary-complex injection to the first detected non-zero
FRET event, ty;qin,- Rates of MRNA decoding (combined rate of decoding steps
following ternary complex binding, see (d)) were calculated from the passage
time from the first non-zero FRET event to formation of stable accommodated
State, tyecoding, fOT €ach event which resulted in aminoacyl-tRNA accommodation.
(c) Apparentaccommodation rate in the presence and absence of streptomycin,
determined from smFRET data collected at 100 ms. Waiting times from TC
injection to accommodation (t,commodations SE€ (@)) Were used to construct a

mRNA decoding rate (s™')

cumulative distribution, which was fit with a two-exponential function with
adelay to account for buffer exchange time. In the presence of streptomycin,

the apparent rate of accommodation increases for near-cognate codons

(10-fold UCC, 25-fold CUC) and decreases for cognate codons (2.5-fold both
UUU, UUC). Error bars denote SEM from 3 experimental replicates. P values are
from unpaired two-tailed t-test. (d) Rate of mRNA decoding, determined from
smFRET data collected at 10 ms time-resolution. Passage time from CR to AC
(tdecoding: SEE (D)) were used to construct a cumulative distribution, whichfittoa
double-exponential function to estimate mRNA decodingrate. In the presence
of streptomycin, mRNA decoding rate is increased by <2-fold for cognate codons
(1.9-fold UUU, 1.6-fold UUC), while increasing dramatically for near-cognate
codons (570-fold CUC, 950-fold UUC). Error bars represent SEM from nine
(-streptomycin) or fourteen (+ streptomycin) experimental repeats. Pvalues are
from unpaired two-tailed t-test.
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Extended DataFig. 9| Increasing scaling of PRE-smFRET to 9 independent
samples withinone FOV. (a) Bright field image of arrays printed with contactless
array printer. Each microdroplet group contains 9 printed spots, each containing
ananchor oligonucleotide with an orthogonal binding domain. (b) Schematic

of one microdroplet group asimaged in one FOV using a microscope with a 60x
objectivelens, projected onto Teledyne Kinetix cameras. (c) Single-molecule
fluorescence image of 9 FRET-labelled DNA duplexes, each with adistinct
single-stranded tether domain and associated FRET signal, obtained with our

pTIRF imaging platform. Image false colored by FRET efficiency. (d) FRET
efficiency histogram of pTIRF images as in (c), colored by location as shown in (b).
Solid lines show individual Gaussian fits to histograms extracted from each printed
spot. (e) FRET efficiency, from the center of Gaussian distributions in (d), against
dyedistance, estimated from molecular dynamics simulations. Red solid line
shows fit to Extended Data Equation 1 resulting in measured Forster distance, R,, of
59.8+1A,inagreement with the reported R, of 60.7 A for LD555-LD655 on DNA.
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