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Abstract

DNA replication has been reconstituted in vitro with yeast
proteins, and the minimal system requires the coordinated
assembly of 16 distinct replication factors, consisting of 42
polypeptides. To understand the molecular interplay between
these factors at the single residue level, new structural biology
tools are being developed. Inspired by advances in single-
molecule fluorescence imaging and cryo-tomography, novel
single-particle cryo-EM experiments have been used to char-
acterise the structural mechanism for the loading of the repli-
cative helicase. Here, we discuss how in silico reconstitution of
single-particle cryo-EM data can help describe dynamic sys-
tems that are difficult to approach with conventional three-
dimensional classification tools.
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Introduction

Biochemical reconstitution using purified proteins has
been used to recapitulate a wide array of biological pro-
cesses 2 vitro, ranging from nuclear DNA replication to
vesicle trafficking between cellular compartments [1—4].
Biological imaging is now faced with the task of
describing the dynamic interplay between individual
factors that cooperate to perform these complex multi-
component reactions. Three approaches are providing
critical contributions. 7 Single-particle cryo electron mi-
croscopy (cryo-EM) can yield atomic, or near-atomic,
resolution views of individual factors caught in the act
of performing their biological function [5—7]. 7 Cryo-
tomography is used to describe molecular ultrastruc-
tures in their physiologically relevant environment [8]. 7.
Single-molecule fluorescence microscopy allows real-
time tracking of molecular co-localisation and long-
range movements, useful to establish the order of mo-
lecular events in a biological pathway [9]. In this article,
we review the tools available to investigate the structural
dynamics underlying molecular mechanisms for recon-
stituted multicomponent reactions. Focussing on the
example of eukaryotic DNA replication reconstituted
in vitro, we discuss the underexploited potential of single-
particle cryo-EM for describing molecular mechanisms in
a broad, physiological context, at the single-residue level.
Currently, the architecture of dynamic reconstituted
systems can be intractable even with modern image
processing tools developed to handle structural hetero-
geneity [10—12]. However, by adapting approaches from
cryo-tomography and single-molecule imaging for single-
particle analysis, we argue that the molecular ultrastruc-
ture of dynamic multicomponent reactions can be
resolved to describe complex molecular mechanisms.

Ultrastructural understanding of a
reconstituted process: the example of DNA
replication

Eukaryotic DNA replication has been reconstituted
in vitro using purified yeast proteins. The minimal set of
components required to achieve replication include 16
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purified factors made from a total of 42 polypeptides
that perform functions including phosphorylation, ATP
hydrolysis and nucleotide polymerisation [1]. DNA
replication requires a helicase that unwinds the DNA
and exposes the single-stranded DNA templates for
dedicated replicative polymerases [2,13,14]. The
hexameric ring-shaped replicative helicase (named
minichromosome maintenance or MCM complex) is
first loaded onto replication start sites (origins), by the
origin recognition complex (ORC) and other co-loaders
[15]. This process results in pairs of MCM rings encir-
cling duplex DNA at each origin, with each pair forming
a symmetric double hexamer that remains catalytically
inactive until the synthesis (S) phase of the cell cycle
[16—20] (Figure 1). Nine firing factors are required to
activate the helicase, splitting the double hexamer into
two translocating DNA-unwinding particles that open a
replication bubble by moving in opposite directions
[1,21]. Long-standing questions in the field include 7.
how ORC discriminates origin recognition sites, 7 how
two DNA-loaded helicases are assembled into a double
hexamer that contains the symmetry required for bidi-
rectional replication and zz. the directionality of move-
ment of the activated helicase.

Single-particle studies provided the near-atomic resolu-
tion structure of several isolated DNA replication factors
[22]. This led to identifying, for example, individual
amino acid residues involved in the sequence-specific
DNA recognition that allows yeast ORC to target
origin DNA [23]. Single-particle structures are static,
however, and isolated from their physiological context.
As such, following the sequence of molecular events
leading to helicase loading via single-molecule fluores-
cence microscopy has been important, to understand the
dynamic interactions between the MCM helicase and its
loaders over time [24—28]. To understand the broader
context of the helicase loading reaction, describing the

Figure 1

relative orientation of helicases and loading factors
bound to the same stretch of DNA was also critical. Cryo-
tomography studies have spearheaded developments to
integrate structural averages into their native environ-
ment captured in three-dimensional (3D) tomograms
[8]. Inspired by these achievements, single-particle
studies can now be designed to address structural
mechanisms of DNA replication and other processes, by
integrating high-resolution structures obtained from
time-resolved experiments with information from their
reconstituted molecular context [29].

Lessons from single-molecule fluorescence
imaging

Fluorescence microscopy has been used to track heli-
case loading and DNA duplication reactions and their
compositional dynamics over time on defined DNA se-
quences [24—28]. For example, in a confocal microscopy
experiment, bead-tethered duplex DNA captured with
optical tweezers was used to track the helicase loader
ORGC, in the process of recognising an origin of replica-
tion [24]. Yeast ORC was observed to diffuse linearly
along a DNA segment of defined length, sequence and
polarity and stop when the origin sequence was found,
coherent with previous observations by DNA curtain
total internal reflection fluorescence (TIRF) micro-
scopy [28] (Figure 2a). MCM loading by the ORC
resulted in the DNA association of double hexamers
that are known to be competent for replication. Using
this highly sensitive single-molecule assay, loaded single
hexamers, which result from a transient interaction with
ORC, were also observed [24,26]. As loaded single
hexamers are known to be incompetent for replication
[30], this finding could explain the observation that
many more MCM molecules are loaded onto origin DNA
in cells than are actually used during replication [31,32].
Both single as well as double hexamers were observed to
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Eukaryotic replicative helicase loading and activation at an origin of replication. Aided by two co-loaders, ORC binds to origin DNA and recruits two ring-
shaped MCM helicases, forming a head-to-head double hexamer. The double hexamer is catalytically inactive, and a set of 9 firing factors switch on the
DNA unwinding function of MCM, in a process that requires a set of ATP binding, phosphorylation and ATP hydrolysis events. On activation, the double
hexamer is broken, and two helicase particles translocate in opposite directions, exposing the single-stranded DNA template for the replicative

polymerases.
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Origin recognition and helicase loading described using single-molecule fluorescence and single-particle cryo-EM. (a) Confocal microscopy imaging of
origin DNA trapped by optical tweezers shows that ORC diffuses linearly along a DNA segment until the origin sequence is identified. (b) Linear structure
of the ARS1 origin of replication. (¢) The sequence of events leading to double hexamer formation. i. ORC binds and bends DNA. ii. ORC recruits the first
MCM ring by binding its C-terminal face. iii. DNA is threaded into the central channel of MCM. iv. ORC binds to the N-terminal face of the MCM ring. v.
ORC recruits a second MCM ring by interacting with the same C-terminal face as the first ring. vi. The MCM double hexamer is loaded around duplex
DNA. (d) Cartoon representation of the in silico reconstitution (ReconSil) procedure. Particles are picked from a micrograph with a low signal-to-noise
ratio. 2D averages are calculated. Averages are overlaid to the original particles in the raw micrographs. Proximal averages that are bound to the same
DNA segment are extracted, recovering the full nucleoprotein context at an origin of replication. NCP—nucleosome core particle. (e) ReconSil reveals
that on the ARS1 origin, the first loaded MCM ring must slide to expose the inverted lower affinity ORC site (orange), hence driving its ORC recognition.
This occurs concomitantly with the engagement of the N-terminal face of MCM. By sliding along DNA, the first loaded MCM creates enough space for two
sequential ORC binding events that drive double-hexamer formation.

slowly diffuse away from the origin site and move line-
arly along the bead-trapped DNA, compatible with
previous biochemical, cellular and structural observa-
tions [16,17,21,33]. These results serve as example for
how tracking origin recognition and helicase loading
reactions over time and along a defined DNA molecule
can increase our understanding of molecular mecha-
nisms [24].

In another study, co-localisation single-molecule spec-
troscopy (CoSMoS) was used to define the order of
molecular events leading to double hexamer formation,

revealing that, during this process, the loading of the first
and second hexameric ring is sequential. Two different
sets of co-loaders facilitate the association of the first and
second MCM hexamer with DNA [26]. In this context,
co-loader release is required for closing each MCM ring
around DNA [25]. In contrast, one single ORC molecule
was observed to be sufficient during the loading of both
MCM rings to form a double hexamer, suggesting that
the first loaded hexamer serves to recruit the second
hexamer onto DNA [26]. In summary, fluorescence co-
localisation experiments established the sequential
steps in the helicase loading mechanism.

www.sciencedirect.com
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Single-particle cryo-EM characterisation of
the double-hexamer loading reaction

The CoSMoS observation that one single ORC molecule
is sufficient to complete double hexamer loading
appeared to be at odds with biochemical evidence
supporting a two-ORC mechanism. The two-ORC model
was based on data showing that loading of the first and
second helicase ring requires the same MCM
element and two separate ORC binding events at
inverted origin recognition sites to support efficient
double-hexamer formation [34,35]. To understand how
the one-ORC and two-ORC models could be reconciled,
we sought to visualise double hexamer loading at near-
atomic resolution while it was occurring # vitro. To this
end, we took inspiration from single molecule studies to
design a time-resolved cryo-EM experiment. As a DNA
substrate, we chose the well-characterised yeast ARS1
origin sequence, which contains a higher and a lower af-
finity origin recognition site (Figure 2b) [36], capped by
recognisable, asymmetric roadblocks (either a nucleo-
some or a covalently linked methyltransferase adduct)
[29]. These roadblocks would serve to both retain to-
pologically loaded helicases on the DNA by preventing
them from sliding off, but also function as markers that
would orient the origin-associated factors with respect to
the origin DNA sequence. We then assembled the heli-
case loading reaction and prepared grids for negative stain
electron microscopy at different time points (2—30 mi-
nutes). As time progressed, the single-particle count of
the loading-competent form of MCM decreased, whereas
the double-hexamer species increased. Thus, it was
possible to follow double-hexamer loading by time-
resolved electron microscopy using sampling rates on a
minute time scale. At early time points, we observed the
accumulation of two helicase loading intermediates. One
showed ORC contacting the C-terminal face of one
MCM ring, as previously observed in cryo-EM studies of
helicase loading stalled by using a slowly hydrolysable
nucleotide analogue (third intermediate in Figure Zc).
The structure shows MCM encircling (although not fully
locked around) duplex DNA [37,38]. This molecular
species disappeared at later time points in our reaction,
providing strong evidence that ORC contacting the C-
terminal face of MCM is a bona fide loading intermedi-
ate. The second molecular species in our time-resolved
experiment showed ORC in a completely different
configuration and interacting with the N-terminal face of
the MCM ring [29]. The corresponding cryo-EM struc-
ture showed an MCM hexamer locked around duplex
DNA, with ORC engaging a site on the N-terminal face
of the MCM that only exists when the helicase ring is
fully closed. In this configuration, the DNA-bound ORC
is in an inverted orientation compared with the C-
terminally interacting ORC (fourth intermediate in
Figure 2¢). Deeper single-particle cryo-EM analysis also
revealed that the N-terminally interacting ORC can

recruit a second MCM hexamer via the same mechanism
as the first hexamer (fifth intermediate in Figure 2c).

Collectively, these data revealed that the previously
published CoSMoS [26] and biochemical [34,35] ex-
periments were not describing two separate mecha-
nisms but rather two distinct aspects of the same
process. As in the CoSMoS experiment, first and second
hexamer loading was observed to be sequential [26].
The first loaded MCM served to recruit the second
MCM molecule, via the previously unrecognised ORC
interaction at the N-terminal face of the first loaded
hexamer [29]. Coherent with biochemical evidence, this
interaction involves two distinct ORC-DNA binding
events involving inverted origin recognition sites, with
the first and second hexameric rings recruited via the
same mechanism [34,35].

Although these results were informative, one critical
aspect of our model was not addressed using conven-
tional single-particle analysis. In the yeast ARS1 origin,
the proximity of the two inverted ORC binding sites
means that the first loaded helicase initially occupies
the secondary ORC binding site. To generate enough
space for double-hexamer formation, the first loaded
MCM must be able to slide along the DNA to allow the
N-terminally interacting ORC to reach the second
inverted origin recognition site [39]. Because of the
limited persistence length of DNA, the entire origin was
too flexible to be fully represented in one averaged
structure, meaning that a high-resolution view of our
new, critical helicase loading intermediate could not be
visualised in the full context of the origin [29]. It was
thus possible to characterise MCM—ORC interactions
on duplex DNA, but not orient the structure with
respect to the origin DNA sequence. To address this
issue, a reconstitution 7 si/ico (ReconSil) approach was
developed, aimed at generating high-signal views of
complete, individual origins of replication with associ-
ated helicase loading intermediates [29]. This strategy
was inspired by cryo-tomography approaches [8], further
discussed in the following. After particle picking and
extensive two-dimensional (2D) averaging, helicase
loading intermediates were selected, along with nucle-
osomes capping the DNA substrate in proximity to the
(higher-affinity) ORC binding site [40]. By combining
coordinates derived from particle picking with trans-
lations and rotations applied during 2D classification,
2D classes were overlayed onto their constituent parti-
cles in the raw micrographs. Neighbouring particles that
co-localised to a single DNA stretch were then selected,
which allowed the recovery of complete origin images
(Figure 2d). The nucleosome, designed to cap one end
of the origin DNA, served to orient the MCM loading
intermediates with respect to the origin sequence.
ReconSil led to the discovery that the first loaded MCM

Current Opinion in Structural Biology 2022, 72:279-286
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slides along DNA to concomitantly occupy the high-af-
finity origin recognition site and expose the lower-af-
finity site, hence facilitating the transition from a C-
terminally to an N-terminally interacting ORC, with
inverted polarity of DNA binding [29] (Figure Ze).
Simple in its implementation, ReconSil proved to be a
powerful tool to describe extremely flexible assemblies
that are otherwise intractable, even by modern tools
developed to handle structural heterogeneity.

Lessons from cryo-tomography and sub-
tomogram averaging

The idea of positioning structural averages back into the
image that raw particles were cropped out of was first
implemented in cryo-tomography [41], which is consid-
ered the technique of choice for studying macromolec-
ular assemblies in their native environment [42]. This

Figure 3
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approach led to describing cellular and viral ultrastruc-
tures 7 situ or highly structured reconstituted systems,
as, for example, the COPII vesicle budding apparatus
[43,44]. Cryo-electron tomograms are 3D volumes
reconstructed by back-projecting tilted images of the
same field of view. They can be difficult to interpret
because of low signal and anisotropic resolution, but
averaging of cropped subtomograms yields interpretable
structures [8]. Indeed, pioneering studies using opti-
mised imaging conditions and improved computational
tools demonstrated that near-atomic resolution struc-
tures are achievable [43,45,46]; however, this is still
challenging for asymmetric complexes that are smaller
than 1 MDa or do not form a structured array [47,48].
Much like the single-particle ReconSil implementation
described previously, a broader physiological context can
be reconstituted when subtomogram averages are placed
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In silico reconstitution of supramolecular assemblies, lessons from cryo-tomography. (a) Cartoon representation of low signal-to-noise tomogram of factor
1 and factor 2 connected via two distinct interfaces. In the class average centred on factor 1, factor 2 is averaged out and vice versa. The position of factor
2 can be plotted with respect to aligned factor 1, which identifies clusters with two discrete orientations. Factor 1 particles can be subclassified as per the
interaction clusters and subtomograms from these discrete classes can be extracted and used to generate a new 3D average where both factor 1 and
factor 2 are resolved. (b—e) An example from cryo-tomography of the COPII outer coat. (b) Four ‘R’ rods (grey) interact to form a rhomboidal pattern. Extra
(‘E’) rods (purple) connect R rod midpoints. Rarely, an E rod connects a rhomboid vertex (blue) with the midpoint of a neighbouring R rod. (c) Subto-
mogram averages of E rods and vertices. (d) The position of vertices is plotted with respect to the aligned E rods. Clustering reveals the expected
rhomboidal pattern and also one outlier position. (e) Selecting E rods from the outlier cluster reveals a noncanonical interaction, with the E rod connecting
a vertex to the midpoint of a neighbouring R rod.
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back into the cryo-tomograms, retrieving information
on the relative orientation of individual particles [41],
which can be seen as individual bricks of a molecu-
lar ultrastructure.

Plotting the relative orientations of individual particles
can also help characterize poorly populated yet discrete
interactions that are difficult to identify using tradi-
tional 3D classification methods (Figure 3a). This
approach was introduced in a recent cryo-tomography
study on  vitro reconstituted vesicle budding to iden-
tify previously unreported interactions in the yeast
COPII lattice that scaffolds membrane curvature [43].
The COPII coat is composed of two concentric layers
around a membrane. These layers have different com-
positions that can be separately resolved from recon-
stituted coated vesicles using targeted subtomogram
averaging [43,44,49]. The outer layer is composed of
Sec13-31 rods that meet at vertices to create a rhom-
boidal cage-like structure. Extra (‘E’) rods connect the
midpoint of two rhomboidal (‘R’) rods. Plotting the
relative positions of Sec13/Sec31 vertices with respect
to the aligned E rods led to visualising the expected
rhomboidal lattice [44], but also allowed the observation
of an anomalous cluster of neighbouring vertices,
revealing previously unreported interactions. In this
outlier cluster, E rods connect a vertex at one end and
with the midpoint of an R rod at the other end
(Figure 3b). After selecting the subtomograms corre-
sponding to the outlier cluster, a 3D average could be
determined, confirming the existence of two distinct
connectivities in the COPII lattice (Figure 3c—e) [43].
Statistical analysis on neighbouring particles can there-
fore serve as an alternative strategy to identify rare
discrete super-molecular assemblies that escape 3D
classification. Adapting this approach to single-particle
ReconSil promises to be a powerful tool for the ultra-
structural characterisation of complex multicomponent
reactions such as reconstituted DNA replication.

Conclusions and future perspectives

The reconstitution of origin-dependent DNA replication
using purified yeast proteins has changed the scale of
mechanistic questions that can now be addressed using
single-particle cryo-EM. For example, the processes of
origin-DNA melting and replication-fork establishment
can now be investigated, alongside replication through
chromatin and the mechanism of parental histone rede-
position at the basis of epigenetic inheritance.

Time-resolved cryo-EM studies are an exciting devel-
oping area in this context. Although we demonstrated
that DNA loading of the MCM helicase can be studied
by recording time points with minute resolution [29],
other structural transitions on the path to origin acti-
vation will likely require higher sampling frequencies.
One example is the transition from the duplex

interacting to the single-stranded DNA interacting form
of the MCM, which occurs on establishment of the
replication fork [21]. New technology for rapid mixing
using modular microfluidics and blot-free vitrification in
the millisecond resolution time scale will likely be
useful to achieve these tasks [50—52].

The combination of high-resolution time-resolved
single-particle EM with 7 silico—reconstitution ap-
proaches promises to provide a valuable tool to study
dynamic and heterogeneous ultrastructures. As ReconSil
has so far only been implemented with 2D averages and
not 3D structures, it bypasses the requirement for the
tilt-series acquisition required for cryo-tomography, yet
it applies the logic of particle repositioning into the raw
image (2D micrograph) to reconstitute the full context
of a given reaction [29]. Future 3D implementations will
be useful to describe complex and flexible ultrastruc-
tures at single-particle resolution. 3D structures ob-
tained by single-particle reconstruction can be
repositioned into the locations obtained from raw mi-
crographs, starting from the x and y coordinates of in-
dividual picked particles. Individual 2D micrographs,
however, contain no information along the z axis. For
DNA replication reactions, this means that repositioned
3D structures bound to the same DNA segment would
not be aligned along the z axis, unless DNA lies on a
plane parallel to the image detector. Retrieving accurate
z-axis information will be key for the robust imple-
mentation ReconSil in three dimensions. To achieve
this, tilt-pair acquisition could be used [53]. In more
sophisticated, recently developed approaches, 3D
refinement, as implemented in single-particle analysis,
could be applied to cryo-tomographic tilt series at the
single sub-tomogram level. Here, a 3D volume is refined
from tilted images of single particles from individual
sub-tomograms, using constraints derived from the tilt-
series acquisition [46,54,55]. In a different imple-
mentation, a high-dose nontilted image is acquired,
followed by a tilt series of the same field of view. A sub-
tomogram average is first computed from the tilt series,
whose resolution is limited because of over-exposure
and the errors in cryo-tomogram reconstruction, yet it
is useful to generate initial alignment constraints. A
high-resolution structure is then computed using the
nontilted, uncorrupted image, after imposing the
subtomogram constraints [56,57]. Applied to ReconSil,
these approaches could help align repositioned 3D vol-
umes along the z axis, to recover optimally aligned fac-
tors bound to a continuous DNA segment. Here, we
have focused our discussion on how the combination of
time-resolved and  sifico reconstitution approaches can
help describe the molecular mechanisms of DNA
replication. However, in the future, we envisage that
these approaches will have wide applicability to other
areas of biology where discrete factors act on shared
molecular substrates or scaffolds.
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