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During eukaryotic translation initiation, initiation factor proteins
and the ribosomal small subunit undergo binding and disso-
ciation reactions and conformational rearrangements that
properly assemble a ribosome at the start codon of a
messenger RNA. Building on extensive genetic and
biochemical studies, single-molecule fluorescence experi-
ments are revealing the time-dependent pathways of factor
binding to, and dissociation from, the ribosomal small subunit
and messenger RNA during initiation. Nonetheless, essential
binding and/or dissociation events, conformational rear-
rangements, and the coupling between binding and confor-
mational changes remain kinetically uncharacterized. Here,
we summarize the status of single-molecule investigations of
initiation and advocate for integrating single-molecule micro-
scopy, structural biology, and molecular simulations to enable
a time-dependent, molecular description of this fundamental
step in gene expression.
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Introduction

Translation initiation is a multistep process that serves
as the primary mechanism for regulating protein syn-
thesis in response to time-dependent cellular condi-
tions. In eukaryotes, such regulatory capacity is achieved
through a series of coordinated binding events and

conformational changes between the ribosomal small
(40S) subunit, initiator transfer RNA (Met-tRNA;), and
numerous eukaryotic initiation factor (elF) proteins
that coordinate the assembly of an elongation-
component ribosome at the proper start codon of the
messenger RNA (mRNA). Figure 1 illustrates a minimal
mechanism for the canonical initiation process, which
involves (i) binding of the heterotrimeric eIF4F com-
plex (composed of eIF4G, elF4E, and elF4A) to the 5’
7-methylguanosine ‘cap’ of the mRINA, which helps (ii)
load an elF- and 40S subunit-containing ribosomal pre-
initiation complex (PIC) onto the mRNA. Next, (iii)
the PIC searches along the mRNA for the start codon
and, upon identifying it, undergoes a series of compo-
sitional and conformational changes that (iv) properly
select and position the start codon within the PIC and
(v) facilitate joining of the ribosomal large
(60S) subunit.

Molecular descriptions of the steps in eukaryotic
translation initiation remain coarse, but recent genetic,
biochemical, and technical advances have created an
opening to study this mechanism in unprecedented
molecular detail. The key factors of the process have
been identified, the phenotypes associated with
impairing the functions of many of these factors have
been extensively characterized # wiwvo in the yeast
Saccharomyces cerevisiae [1,2], and translation initiation
has been reconstituted  vitro with yeast and mamma-
lian systems [3—5]. The detailed genetic and
biochemical characterization of eukaryotic translation
initiation that these developments have enabled is
reviewed elsewhere [1,2,6,7]. In parallel, technical im-
provements in single-molecule fluorescence microscopy
are allowing for increases in the background concentra-
tions of fluorophore-labeled components at which high
signal-to-background imaging can be conducted, in-
creases in the number of fluorophore-labeled compo-
nents that can be simultancously visualized, and the
time resolution with which their activities can be
monitored, allowing for detailed evaluation of the
pathways and kinetics of multistep processes [8—11].
Cryogenic electron microscopy (cryo-EM) now enables
structural assessment of ribosomal complexes stalled at
various points during initiation with near-atomic
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Overview of steps in canonical eukaryotic translation initiation. (a) In the first steps of initiation, several eukaryotic initiation factors (elFs) bind the
ribosomal small (40S) subunit to form a pre-initiation complex (PIC). (b) In parallel, the elF4F factors assemble at the 5’ 7-methylguanine cap of the
mRNA. (c) Interactions between elF4F and the PIC promote loading of the mRNA into the PIC, (d) which is followed by a one-dimensional search along
the 5" untranslated region (UTR) of the mRNA for the start codon. (e) Recognition of the start codon triggers dissociation of elF1, binding of the GTPase-
activating protein elF5, GTP hydrolysis by elF2-GTP, and release of inorganic phosphate (P;) from elF2-GDP to promote full accommodation of the
initiator tRNA (Met-tRNA;) into the 40S subunit peptidyl-tRNA binding (P) site. (f) Subsequently, elF5B-GTP binds the PIC and catalyzes subunit joining,
during which several elFs dissociate from the PIC. Whether single-molecule kinetics, ensemble kinetics, and/or structural methods have been used to
directly probe individual states or steps is denoted in writing. *Kinetic data for the start codon search reports on the time delay between mRNA loading
and start codon proximity rather than the time-dependent position of the PIC, and structures of this stage correspond to stalled intermediate states in the

process.
resolution [12—14]. Furthermore, improvements in  Single-molecule fluorescence studies have
computational power, coarse-grained models, and  partially revealed the time-dependent

enhanced sampling approaches are enabling molecular
dynamics (MD) simulations to be applied to specific
steps of translation [15—18].

Using the established reconstituted systems, single-
molecule fluorescence measurements have probed
the kinetics of certain steps in the canonical initiation
process[11,19—25], and cryo-EM has been used to
determine the structures of PICs representing select
states in the process [13,14,26—32]. Kinetic and
structural studies in yeast and mammalian systems
suggest several mechanistic differences yet confirming
these distinctions and elucidating their molecular basis
remains challenging. In addition, the investigations
conducted to date have not yet reached the levels of
physical and molecular insight achieved in studies of
bacterial translation or, more generally, other biological
processes. These gaps in understanding persist not
merely because of technical barriers but also because
the focus in the field has shifted away from compre-
hensive investigations of the canonical initiation
pathway and instead toward exploration of novel regu-
latory factors and their mechanisms. Here, we identify
the key mechanistic gaps that remain and outline a
path toward a time-dependent, molecular description
of eukaryotic translation initiation grounded in ad-
vances in single-molecule fluorescence microscopy and
its integration with structural methods and
MD simulations.

formation of the elF4F complex at the cap
and the composition of the PIC

Nearly all single-molecule fluorescence studies of
eukaryotic translation initiation to date have probed
either the time-dependent formation of the elF4F
complex at the 5 cap of the mRNA or composition of
the PIC (Figure 2) [11,19—25]. These studies have
employed total internal reflection fluorescence micro-
scopy, where binding of fluorophore-labeled compo-
nents to the mRNA or PIC is detected via multi-
wavelength colocalization or single-molecule fluores-
cence resonance energy transfer (smFRET) between
two components [8,11]. Recent smFRET measure-
ments using reconstituted yeast components indicate
that eIF4G and elF4E act as an elF4G-E complex that
can bind to one of many locations on an mRNA and
diffuse along the transcript in search of the cap. At cap-
distal sites, ATP-bound elF4A promotes dissociation of
elF4G-E, thereby biasing the complex toward the 5
end. At cap-proximal positions, however, engagement of
the cap by elF4E renders the complex resistant to this
elF4A-driven dissociation, likely because cap binding
alters interactions within elF4F in a way that inhibits
elF4A's activity. This produces a uniquely stabilized,
cap-bound elF4F complex (Figure 2a,b) [11]. None-
theless, alternative models for the role of eIF4A in cap
recognition have been inferred from smFRET studies in
the yeast and mammalian systems [19,21]. It remains
unclear whether the discrepancies between these
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Steps of canonical eukaryotic translation initiation probed with single-molecule fluorescence microscopy. (a) smFRET signals between the

mRNA and elF4G or elF4E in a reconstituted yeast system reveal the mechanism by which elF4G-E is biased toward the 5’ cap by elF4A. (b) Aggregate
data over N trajectories for experiments where elF4A-ATP is injected into a sample containing elF4G-E bound to mRNA labeled near the 5’ cap or 92
nucleotides away from the cap. Detected as a loss of FRET, elF4A-ATP facilitates >10-fold faster dissociation of elF4G-E from internal vs. cap-proximal
binding sites. (¢) smFRET signals between Met-tRNA; and elF1 or elF5 in a reconstituted human system report on their competitive binding to the PIC
during start codon selection. (d) Example fluorescence emission intensity vs. time trajectories showing (top) multiple binding and dissociation events by
elF1 before binding by elF5B-GTP to the PIC and (bottom) binding and dissociation of elF5 and binding by elF5B-GTP before 60S subunit joining. (e)

Colocalization and smFRET signals have informed on the pathways in wh

ich elFs bind to and dissociate from the PIC during subunit joining. (f) Example

trajectories from a reconstituted human system showing (top) binding and dissociation of elF5B via colocalization and its timing relative to 60S subunit

joining and (bottom) dissociation of elF1A and joining of the 60S subunit

via colocalization. Panels (b), (d), and (f) are adapted from Refs. [11,24], and

[22], respectively. FRET, fluorescence resonance energy transfer; PIC, pre-initiation complex.

models arise from differences in the design of the
smFRET experiments across studies or from non-
conserved behavior of elF4F in yeast and humans.

The time-dependent composition of the PIC has been
best characterized during start codon recognition and
subunit joining, where sequences of binding and disso-
ciation by elF1, elF5, elF1A, and eIlF5B-GTP have
been measured (Figure 2b,c) [20,22—24]. The in-
terpretations of these data benefited from ensemble
kinetics studies and several PIC cryo-EM structures
determined by biochemically trapping the PICs at

various stages of start codon selection or subunit joining
[13,14,22,27—31,33—35]. A key observation from single-
molecule trajectories of labeled PIC components is that
the PIC interconverts between different compositions
on millisecond-to-second timescales, even within a
single stage of initiation [22—24]. For example, a study
employing an smFRET signal between fluorophore-
labeled Met-tRNA; and elF1 with human components
showed that elF1 is bound to the PIC upon loading of
the mRNA, dissociates from the PIC upon reaching the
start codon, and subsequently transiently samples the
PIC before being replaced by elF5 (Figure 2¢,d) [24]. In
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the same study, an smFRET signal between Met-tRNA;
and elF5 showed that elF5 is not bound to the PIC
during mRNA loading but transiently samples the PIC
when it is at the start codon [24]. During this process,
elF5 samples the PIC and outcompetes elF1 rebinding,
thereby enabling the PIC to progress toward
elF5B-GTP recruitment and 60S joining (Figure 2c¢,d).
Beyond this, colocalization measurements of eIF1A and
elF5B have identified the pathways in which these elFs
bind to and dissociate from the PIC during subunit
joining (Figure Ze,f) [22,23]. Nonetheless, factors such
as elF3, eIF2-GTP, and others have yet to be labeled
and directly tracked during initiation, leaving gaps in our
understanding of their time-dependent binding to and
dissociation from the PIC and, consequently, their
mechanisms of action during initiation.

Isolating the compositional and
conformational requirements for loading of
mRNA onto the PIC and scanning of the PIC
along the 5 untranslated region (UTR)
remains challenging

Loading of the mRNA onto the PIC and migration of
the PIC along the 5" UTR are short-lived intermediate
steps of initiation that are typically inferred indirectly
from experiments and are challenging to capture in
conventional structural analysis. As a result, the
compositional and conformational rearrangements that
the elF4F-mRNA complex and PIC must undergo at
these stages are poorly described. Long-standing
questions concern (i) what interactions and confor-
mational rearrangements of eIF4F the mRNA, and the
PIC mediate successful loading, (ii) whether elF4F or
any of its components remain bound to the mRNA or
PIC after loading, and (iii) whether scanning of the PIC
across the 5 UTR occurs diffusively or in a helicase-
driven fashion. Biochemical data from yeast and
mammalian systems suggest that interactions between
elF4F and elF3 (and possibly other e¢lFs) may be pri-
mary drivers of loading [30,36—38], but the transient
interactions between elF4F and the PIC that occur
during loading have never been captured in structural
studies. Competing models in which elF4F either
dissociates from the mRNA upon loading or remains
bound to the mRNA or PIC arise from conflicting
biochemical, structural, and ribosome profiling data
[30,37,39,40]. Whether scanning occurs in a diffusive,
directionally unbiased manner or via a helicase-driven,
unidirectional search is still widely debated
[4,20,25,30,41—43]. These models are often debated
using data that report on the total duration of scanning
across mRNAs with varying 5 UTR lengths [25,42,43].
Recently, the time-dependent movement of the PIC
toward the start codon has been observed with
smFRET [25], but trajectory-based measurements of
PIC movements across the entire 5 UTR are needed to
test the different scanning models more directly.

These studies demonstrate a need for single-molecule
measurements that isolate the composition and con-
formations of elF4F and the PIC during mRNA loading
and scanning. Tracking of fluorophore-labeled elF4E,
elF4G, or elF4A has been achieved in multiple con-
texts [11,19,21,25,44] and, when coupled with labeling
of 40S subunit- or PIC-bound elFs, is a promising
approach to reveal the status of eIF4F upon loading and
scanning. smFRET signals between elF4E, elF4G, and/
or elF4A and the PIC would be ideal for this purpose,
and recent structural characterization of these in-
teractions in mammalian systems may be a helpful
starting point for optimization of label positions [30].
Recent advances in the spatial and temporal resolution
of particle-tracking techniques may permit the direct
observation of PIC movement along mRNA [45].
Moreover, additional factors, including elF4B, Dedl1
(yeast), DDX3X (mammals), and others, are thought to
contribute to mRNA loading and scanning [39,46,47],
yet their time-dependent binding to and dissociation
from elF4EF the mRNA, or the PIC during these pro-

cesses are unknown.

Single-molecule methods can probe
whether and how compositional and
conformational changes are coordinated
and coupled during start codon selection
and subunit joining

While single-molecule and ensemble Kkinetics have
gleaned insight into the time-dependent composition of
the PIC during start codon selection and subunit
joining, little is known about whether and how confor-
mational changes of the PIC are coordinated or coupled
to elF binding and the subsequent conformational mo-
tions that facilitate the late stages of initiation.
Conformational changes of the PIC are thought to
discriminate near-cognate or poor-context start codons
from good-context AUG start codons and prime the PIC
for association with the 60S subunit. To date, most un-
derstanding of such conformational changes comes from
comparing cryo-EM structures stalled at different stages
of initiation or from ensemble kinetics using FRET
signals [13,28,33]. These studies suggest a combination
of properties, including that (i) elF1 and elF2-GTP
block complete pairing of Met-tRNA; with the codon
and closure of the 40S subunit ‘mRNA entry latch’ via
movement of the 40S subunit ‘head’ domain, (ii)
recognition of the start codon somehow triggers reor-
ientation of elF1 relative to elF1A, subsequent disso-
ciation of eIF1 from the PIC, and repositioning of the C-
terminal region of elF1A toward elF5, (i) elF5-
induced GTP hydrolysis of elF2-GTP and inorganic
phosphate (P;) release from elF2-GDP-P; enables full
binding of Met-tRNA; in the 40S subunit peptidyl-
tRNA binding (P) site, and (iv) binding of
elF5B-GTP triggers transfer of Met-tRNA; from
elF2-GDP to elF5B-GTP.
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Structural studies have identified the start and end
states of start codon selection and subunit joining as
well as a limited set of intermediate states. Yet static
structures cannot, on their own, establish whether
these intermediates are obligatory on-pathway species
or rare off-pathway conformations, underscoring the
need for time-resolved approaches. Specifically,
trajectory-based measurements are needed to measure
the microscopic pathways of the associated conforma-
tional rearrangements. These pathways encompass
both the sequences and lifetimes of conformational
states as well as the short-lived trajectories in which
they interconvert, known as transition paths. Transition
paths contain the series of molecular configurations for
an individual binding process or conformational
change and they have been probed experimentally in
model protein and nucleic acid systems [9]. Transition
paths have yet to be experimentally probed for any step
of translation initiation. Here, we focus on questions

Unifying model of translation initiation Ashwood et al. 5

One example concerns the early changes in the PIC that
facilitate switching from scanning to arrest at a start
codon. This process is typically described as an equi-
librium between ‘open’ and ‘closed’ PIC conformations
that involves movement of Met-tRNA; in and out of the
P site, tilting of the 40S subunit ’head’ domain, and
additional movements of, at minimum, elF1, eIF1A, and
elF2-GTP before the initial dissociation of elF1
(Figure 3a) [13,26,28]. Structures of the ‘open’ and
‘closed’ PIC conformations are continuously refined but
the kinetics and energetics of these movements and
whether and how they are modulated, coordinated, and/
or coupled to discriminate the correct start codon are
not clear.

In an example from Petrychenko et al. using recon-
stituted human factors (Figure 3b), once P; is released
from elF2-GDP-P; and the PIC commits to the start
codon, cryo-EM reveals multiple distinct PIC confor-

involving the sequence of occupied conforma-  mations that are presumed intermediates in the
tional states. subunit-joining reaction [13]. In one, elF5 and
Figure 3
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Structural snapshots and complementary single-molecule strategies for dissecting conformational changes during start codon recognition
and subunit joining. (a) Cryo-EM structures of yeast PICs captured in the ‘open’ [PDB: 6GSM] and ‘closed’ [PDB: 6GSN] conformations from Llacer
et al. illustrate distinct arrangements of the 40S ‘head’ and ‘body’ domains, Met-tRNA;, and surrounding initiation factors (elF3 is omitted for clarity) [28].
These snapshots suggest possible conformational transitions associated with start codon recognition, including repositioning of Met-tRNA;, ordering of
the elF1A N-terminal tail (dashed circles), and altered interactions of the B subunit of elF2 (elF2f). Because structures capture only discrete states, their
sequence, timing, and functional coupling can be established by time-resolved approaches such as smFRET. (b) Human PIC structures from Petry-
chenko et al. representing states after P; release from elF2-GDP-P;, after binding of elF5B-GTP, and at a later stage where elF5 appears displaced
[PDBs: 8PJ2, 8PJ3, 8PJ4] provide a set of structurally inferred intermediates along the subunit-joining pathway [13]. sSmFRET measurements are
uniquely suited to determine which of these intermediates are on pathway, how rapidly they interconvert, and how factor binding, release, and tRNA
movement are coordinated in real time. (c) Representative fluorophore-labeled constructs developed to probe conformational changes in bacterial and
eukaryotic systems using smFRET [44,49,50]. Application of analogous strategies to components of the PIC can help fill temporal and mechanistic gaps
between structural snapshots illustrated in panels (a) and (b).

www.sciencedirect.com Current Opinion in Structural Biology 2026, 98:103246



6 Single Molecule and Macromolecular Dynamics (2026)

elF5B-GTP are bound to the PIC, and the B and Yy
subunits of eIF2 (eIF2fy) are displaced from the Met-
tRNA,. In another, elF5 is unresolved and eIF2BY are
further displaced from the Met-tRNA;. Nonetheless, it
remains unclear whether these conformations corre-
spond to on-pathway intermediates along a single
subunit-joining pathway, on-pathway intermediates
along parallel subunit-joining pathways, or off-pathway
states unrelated to productive subunit joining.
smFRET experiments that monitor the movement of
these elFs and/or the Met-tRNA; are well suited to
resolve the conformational pathways of the PIC before
subunit joining.

Moving forward, single-molecule experiments must be
designed to follow new reaction coordinates sensitive to
the conformational motions of the PIC. Certain strate-
gies may be adopted from studies of bacterial trans-
lation, in which conformational changes of initiation
factors have been measured directly [48—50]. These
studies have utilized intermolecular smFRET signals
between factors that are stably bound to the PIC or
intramolecular smFRET signals where a single, PIC-
bound factor is dual-labeled (Figure 3c). Similar ap-
proaches can be applied to elFs as demonstrated by
ensemble FRET signals developed between elF1 and
elF1A, between elF5 and elF1A, and an smFRET signal
between the RecA domains of elF4A (Figure 3c)
[33,44]. Signals that report on rearrangements of the
small subunit, particularly between the ’head’ and
‘body’ domains, are also desirable, but generating site-
specific, dual-labeled small subunits, whether bacterial
or eukaryotic, remains challenging.

Determining whether and how the numerous binding
and dissociation reactions during initiation are mecha-
nistically coordinated or coupled to specific structural
rearrangements of the elF4F complex and/or the PIC
will likely require simultaneous monitoring of smFRET
signals that report on both binding interactions and
structural changes. Such measurements can be achieved
with three or more distinct fluorophores such that
binding/dissociation is observed via colocalization or
FRET between one set of fluorophores and a confor-
mational change is detected using an intramolecular
FRET pair [51,52]. Although not yet applied to trans-
lation initiation, single-molecule tools are being devel-
oped that allow detection of time-dependent
composition, conformation, and/or chemical state with
subsecond to submillisecond time resolution via a
combination of fluorescent readouts and non-
fluorescent readouts, the latter including interfero-
metric light scattering, particle translational diffusion,
and particle charge [53—56]. Given the large molecular
volumes of the 40S subunit and several elFs, scattering
and/or diffusion readouts may be ideal for probing PIC
composition while simultaneously monitoring confor-
mational changes by FRET.

Integrating single-molecule microscopy
with structural biology and molecular
simulations to achieve atomic-level
descriptions of conformational dynamics
Single-molecule experiments will continue to be limited
in the variety of reaction coordinates they can investi-
gate. Therefore, it is essential to combine single-
molecule kinetics and experimentally determined
structures with MD simulations to achieve a mecha-
nistic understanding of eukaryotic translation initiation
that is detailed enough to form predictive hypotheses
about how perturbations, such as mutations, regulatory
factors, or drugs, influence the initiation pathway. MD
simulations are essentially computational single-
molecule experiments that follow time trajectories of
the positions of all atoms or collective particles in a
coarse-grained representation. When properly validated,
MD simulations can fill in the gaps between single-
molecule and structural experiments. For example,
they can follow the time-dependent behavior of local
interactions between substrates or with solvent mole-
cules that are missed in trajectory-based single-mole-
cule experiments or in structures determined by cryo-
EM, characterize transition paths between conforma-
tional states, and evaluate the structural ensembles that
underlie dynamic structural domains that are typically
unresolved in experimentally determined structures.

Tandem application of single-molecule and structural
approaches is readily achieved for eukaryotic translation
initiation [22,29] but their integration with MD simu-
lations remains largely aspirational due to poor overlap in
the processes and timescales accessible by each
approach. The hierarchy of structural motions and the
massive size of ribosomal subunits and elFs pose chal-
lenges for adequately sampling conformational transi-
tions in MD simulations [15], and inaccuracies in
nucleic acid force fields raise concerns about interpret-
ing results [57]. As a result, MD simulations of processes
in translation have been limited in their application and
nearly all studies have focused on tRNA accommoda-
tion, intersubunit rotation, or translocation in bacterial
systems [16—18,58—61]. Only recently have a few pro-
cesses In ecukaryotic translation been simulated
[62—65]. Regardless, explicit-solvent, all-atom simula-
tions of bacterial and eukaryotic ribosomes are typically
limited to timescales of a few microseconds—orders of
magnitude shorter than the timescales accessed with
corresponding  single-molecule  investigations—and
often utilize some form of enhanced sampling between
free-energy minima or implementation of constraints
along specified collective variables. Recent improve-
ments in computing power, however, may eventually
relax these constraints [15,66]. To address this time-
scale limitation in a different manner, several studies
have performed MD simulations with structure-based
models that can access longer timescales and can be
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Integration of single-molecule fluorescence, experimental structural
biology, and molecular simulations. Forward and backward arrows
indicate that the development of each approach depends upon advances
in the others. Examples by which one approach benefits another are
listed next to each arrow. In some cases, one approach is needed to
validate the results of another, such as when thermodynamic and kinetic
parameters from MD simulations are benchmarked against single-
molecule data. Alternatively, the output of one approach can directly input
into another. For example, cryo-EM structures are used to initialize MD
simulations of the ribosome and the thermodynamic output of MD sim-
ulations may be directly refined by experimental input. Integration of the
three methodologies enables generation of a molecular movie of
eukaryotic translation initiation that is rooted in accurate structural,
conformational dynamics, thermodynamic, and kinetics data.

directly tuned with experimental inputs [60]. In these
models, experimental structures are assumed to repre-
sent free-energy minima associated with a conforma-
tional change and are therefore used to define stabilizing
interactions in the system. Such models have been
applied to the few steps in bacterial and eukaryotic
translation for which multiple free-energy minima are
supported by a set of experimental structures, such as
tRNA accommodation, translocation, and intersubunit
rotation [16,60,61,64,67,68].

All MD simulations of the ribosome rely on experi-
mental structures for initialization and/or defining free-

Unifying model of translation initiation Ashwood et al. 7

energy minima of a conformational change; therefore,
applications to eukaryotic initiation in the short term
should focus on steps with sufficient structural data.
Potential targets include the equilibrium between open
and closed PIC conformations, comparison of Met-
tRNA; and its surroundings before and after P; release
from eIF2-GDP-P;, transfer of Met-tRNA; from
elF2-GDP to elF5B-GTP, and comparison of 80S
ribosome-bound eIF5B before and after GTP hydrolysis.
Simulations of rearrangements during mRNA loading or
the binding and dissociation of elFs from the PIC will be
more challenging due to the lack of structural data and
computational cost, respectively.

Deliberate and systematic integration of single-
molecule measurements, structural data, and molecu-
lar simulations is necessary because each approach offers
distinct molecular insight, suffers from different limi-
tations, and depends on the others for advancement
(Figure 4). Single-molecule experiments directly reveal
sequences of binding interactions and conformational
changes but are limited to probing movement over
nanometer or larger distances and are often constrained
to a time resolution of milliseconds or longer. Cryo-EM
visualizes structures with high resolution but only re-
solves snapshots of stable conformations. MD simula-
tions provide unmatched molecular detail and temporal
resolution but suffer from their accessible time window
and by questions of accuracy. MD simulations rely on
high-resolution experimental structures to initialize
simulations, build coarse-grained models, and refine
force field parameters, particularly for nucleic acids and
protein-nucleic acid complexes [60,69]. MD simula-
tions can also leverage time-resolved experiments to
validate simulated thermodynamic and kinetic proper-
ties, refine conformational ensembles and kinetics, and
directly constrain the kinetics and thermodynamics of
the simulation [69—73]. In turn, simulations help build
and refine structural models from cryo-EM potential
maps, identify the smFRET signals most sensitive to
critical conformational transitions, and increasingly
enable ‘forward’ or ‘explicit’ model-based comparisons
between simulated and experimentally determined
time trajectories [67,68,70,74—76]. Already, structural
and single-molecule experiments are being used
together so that structures guide the optimal placement
of smFRET labels, and smFRET-derived kinetics help
determine the ideal time points for time-resolved cryo-
EM experiments [22,29,77]. These successes demon-
strate the practical power of integrative approaches and
offer a blueprint for deeper mechanistic discovery.

The convergence of single-molecule, structural, and
MD simulation methodologies is rapidly becoming
central to developing molecularly resolved, time-
dependent descriptions of complex biological pro-
cesses [69,78]. With continued advances in labeling
strategies, temporal resolution, experimental
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throughput, force field accuracy, and simulation strate-
gies, the field is now poised to move beyond assembling
the fragmented snapshots provided by each method in
isolation toward building predictive, quantitatively
grounded models of how interactions and conforma-
tional changes are coordinated to drive initiation. Real-
izing this vision will require sustained collaboration
across disciplines but it promises to transform our un-
derstanding of eukaryotic translation initiation from a
sequence of inferred steps into a coherent, mechanis-
tically explicit, and truly dynamic molecular process.
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