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Abstract

During meiosis, pairing of homologous chromosomes (homologs) ensures the formation of
haploid gametes from diploid precursor cells, a prerequisite for sexual reproduction. Pairing
during meiotic prophase | facilitates crossover recombination and homolog segregation dur-
ing the ensuing reductional cell division. Mechanisms that ensure stable homolog alignment
in the presence of an excess of non-homologous chromosomes have remained elusive, but
rapid chromosome movements appear to play a role in the process. Apart from homolog
attraction, provided by early intermediates of homologous recombination, dissociation of
non-homologous associations also appears to contribute to homolog pairing, as suggested
by the detection of stable non-homologous chromosome associations in pairing-defective
mutants. Here, we have developed an agent-based model for homolog pairing derived from
the dynamics of a naturally occurring chromosome ensemble. The model simulates unidi-
rectional chromosome movements, as well as collision dynamics determined by attractive
and repulsive forces arising from close-range physical interactions. Chromosome number
and size as well as movement velocity and repulsive forces are identified as key factors in
the kinetics and efficiency of homologous pairing in addition to homolog attraction. Dissocia-
tion of interactions between non-homologous chromosomes may contribute to pairing by
crowding homologs into a limited nuclear area thus creating preconditions for close-range
homolog attraction. Incorporating natural chromosome lengths, the model accurately reca-
pitulates efficiency and kinetics of homolog pairing observed for wild-type and mutant meio-
sis in budding yeast, and can be adapted to nuclear dimensions and chromosome sets of
other organisms.
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Author summary

Pairing of homologous chromosomes is a key feature of multiple cellular processes includ-
ing gene expression control, chromosome break repair, and chromosome segregation.
Homolog pairing during meiosis is shared among all sexually reproducing eukaryotes.
Mechanistic determinants of homology-specific chromosome alignment are presently
unknown. We have developed an agent-based model where contributions of the entire
chromosome set to the pairing process is taken into account, comprising both homolo-
gous and non-homologous chromosomal encounters. Predictions from the model are
readily compared to experimental data from budding yeast, parameters can be adjusted to
other cellular systems and predictions can be tested via experimental manipulation of the
relevant chromosomal features.

Introduction

Double stranded DNA has an uncanny ability to find a homologous partner in DNA mixtures
of staggering complexity. While homologs in somatic cells tend to occupy nuclear areas more
distant than expected, somatic pairing nevertheless underlies important biological processes,
including X chromosome inactivation and association of loci affected by genomic imprinting
[1, 2]. During meiosis, homolog pairing is a key prerequisite for the separation of homologs to
opposite spindle poles. When pairing is compromised, homologs fail to form crossovers,
resulting in homolog nondisjunction and the formation of gametes with a surplus or deficit of
one or several chromosomes. The resulting chromosomal imbalances are a leading cause for
birth defects and still births [3].

In many organisms, meiotic pairing depends on recombination initiation via double strand
breaks (DSBs), enzymatically induced by the Spol1 transesterase [4]. DSBs typically occur at a
multitude of chromosomal sites, at different positions in different cells. DSB processing is
closely associated with the homology search, a process whereby DNA breaks carrying 3’ sin-
gle-stranded overhangs assess homology between nearby chromosomes at the DNA sequence
level [5]. If matched, DSBs are processed via homologous recombination into crossovers as
well as other recombination products [6, 7]. Crossovers involve the reciprocal exchange of
chromosome arms between homologs at allelic positions. In addition to providing physical
linkage between homologs and ensuring their attachment to opposite spindle poles, crossovers
also increase genetic diversity [6, 7].

The timing and genetic requirements of homolog pairing have been extensively studied in
several organisms [6-10]. In budding yeast, homologs are somatically paired in G1-arrested
cells, unpair during premeiotic DNA replication and commence re-pairing as cells initiate
homologous recombination [10-13]. Around the time when homolog pairing is established,
chromosomes also undergo rapid movements throughout prophase I, as a prerequisite for effi-
cient pairing. Movements of chromosomes are mediated by motile cytoplasmic filaments,
which drag chromosome ends (telomeres) through the semi-fluid nuclear envelope. Cyto-
plasmic motor proteins, actin in budding yeast and the dynein-microtubule complex in most
other organisms, mediate nuclear chromosome movements due to the attachment of their
ends via the conserved SUN-KASH protein complex where SUN proteins interact with chro-
mosome ends and reach across the inner nuclear envelope whereas KASH proteins span the
outer nuclear envelope providing a link between SUN proteins and the cytoplasmic filaments
[14-17]. Pairing is completed around the time when both DSB ends have undergone strand
exchange, giving rise to double Holliday junctions, a critical precursor of crossovers [10, 13].
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The synaptonemal complex (SC) is a proteinaceous structure that assembles between paired
homologs and juxtaposes their axes closely at 100 nm, a distance conserved in most taxa [6-
10]. Homologous chromosomes are considered as paired once they have associated at a dis-
tance less than or equal to 400 nm, corresponding to the distance between co-aligned homolog
axes in absence of the SC [8].

Little is known about the molecular mechanism(s) of homolog pairing, in part due to exper-
imental challenges. Fixated, surface-spread cells exhibit superior resolution, but they do not
provide insights about chromosome dynamics during the pairing process and nuclear archi-
tecture may become distorted during sample preparation [10, 13]. Tracking of chromosome
trajectories in live cells is hampered by limited resolution and potential effects of phototoxicity
[18]. Importantly, such studies are limited to a small subset of chromosomes due to the neces-
sity to fluorescently label individual chromosomes [10, 13, 19].

Several mathematical models have examined potential contributions of molecular processes
to homolog pairing, including telomere attachment to the nuclear envelope, chromosome
bending stiffness, and polymer chains exhibiting an excluded volume repulsive potential [18,
20-23]. Moreover, a cellular automaton model was developed that examines random searching
via chromosome shuffling [24]. Importantly, existing pairing models cannot be validated as
they model interactions between individual chromosomes that are presently inaccessible to
experimental analysis.

Here, we have developed an agent-based model (ABM), in which movements and interac-
tions between individual chromosomes (i.e. agents) are simulated, thereby recapitulating the
interaction dynamics of an entire nuclear chromosome ensemble. Rather than making
assumptions about pairing dynamics along individual chromosomes, we use differential
equations based on first principles that govern the movements of chromosomes as an out-
come of interactions with all other chromosomes within the same nucleus. Our model allows
for the analysis of individual trajectories for all chromosomes throughout meiotic prophase
L, facilitating comparison with experimental data. Modifications of various chromosomal
parameters, including chromosome number, size, and movement velocity as well as attrac-
tive and repulsive forces provide insights into the contributions of each of these factors to
homolog pairing.

Materials and methods
Modeling approach

Our homologous pairing model considers three contributing processes, i.e., chromosome
interactions (homologous and non-homologous collision dynamics), chromosome translation
(directed movements), and random chromosome motion (thermal noise within the nucleus)
(Fig 1). By deriving a model entirely from these first principles, we avoid the introduction of
mathematical parameters not apparent from the underlying biological process. A key feature
of our model is the inclusion of attractive and repulsive forces representing processes that sta-
bilize homologous pairing or disrupt non-homologous interactions, respectively. Rather than
focusing on a single homolog pair, our model captures trajectories of complete chromosome
ensembles throughout prophase of meiosis I, facilitating comparison with experimental data
and adjustments to species-specific features such as chromosome number and size as well as
nuclear dimensions.

To compute the net motion of meiotic chromosome sets, we consider pairwise interactions
between chromosomes at short distances as provided by a semi-dilute solution [25, 26]. A two-
dimensional model is developed to match the available two-dimensional experimental mea-
surements from fixated, surface-spread yeast nuclei used to calibrate the model [13]. For the
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Fig 1. Determinants of chromosome dynamics during the meiotic homology search. While searching for their homologous partner, chromosomes
move about the cell nucleus and while performing a continuous random walk (dashed arrows) within the confines of the nuclear envelope (bold
circles), with velocity and changes in direction determined by interactions with other chromosomes as well as thermal noise. (A) When homologs enter
each other’s attractive radii (i.e., centers are 400 nm apart), they exert attractive forces (Eq (3); j hom) on each other which move them closer until they
reach their respective exclusive radii (purple; here 50 nm) keeping them at a constant distance of 100 nm. They subsequently continue their effective
‘random walk” in a paired status moving as a single entity non-homologous with respect to all other chromosomes. (B) When a chromosome enters the
repulsive radius of a non-homolog (red; here 400 nm), the repulsive force in (Eq (3); j nhom) diverts their movement at the angle of their encounter
with new velocity proportional to the minimum interaction distance. For illustration, ring colors match the terms in the Morse potential governing the
interactions between chromosomes in Egs (1)-(3); also see Fig 2.

https://doi.org/10.1371/journal.pcbi.1011416.9001

dynamics of the center of mass, x, € R”, a coupled system of N equations can be proposed as

N
x, =v,d, + Z F/(x, — x;) + V2DW, (1)

i#j

where N gives the number of chromosomes and F is the force between two chromosomes,
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which is obtained as the negative gradient of the potential energy U

F/(x, —x) = -VU(x, — X,). (2)

The potential energy is defined using the Morse potential [28]

X,
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il xi—x;|

C,e " +Ce 7, jnhom,

Three components in Eq (1) are noteworthy. First, there is a translational velocity term (vod;)
defining a chromosome’s present straight-line motion as one component of its total velocity.
We refer to this as the chromosome’s translational velocity because it is a straight-line motion
in the direction the chromosome is already moving. The velocity (v,) is multiplied by a chro-
mosome’s dimensionless orientation d; = v/||v;||, a unit vector in the direction of the chromo-
some’s velocity. d; can be changed by collisions with other chromosomes or with the nuclear
envelope as well as by thermal noise. In living cells, directed chromosome movement is typi-
cally generated by cytoplasmic motile filaments which are connected to chromosome ends
(telomeres) via a protein complex that traverses the semi-fluid nuclear envelope (see Introduc-
tion) [17, 27]. In our model, chromosome end attachment to the nuclear envelope is reflected
by the two-dimensional features of the nuclear volume simulating movement along an invari-
able z-surface.

Second, interaction forces between chromosomes are captured by Eqs (2) and (3). The
force F is derived from the potential energy defined by the Morse potential U and is singularly
determined by the distance between homologous or non-homologous pairs of chromosomes
[|lx; — x;| [28]. A Morse potential is defined as a difference of Yukawa potential energies,
assigning to homologous chromosome pairs a weak attractive (i.e. associative) force strength
C, (blue ring in Fig 1A; here £, = 400 nm) and a weak repulsive (i.e. excluded volume) force
strength C,, acting at very short distances and ensuring that paired homologs are kept at a
fixed center-to-center distance rather than overlapping (purple ring in Fig 1; here £,; = 50 nm;
see also [23]). Accordingly, interactions between homologs are determined by their distance:
namely, attractive with increasing strength as distance decreases from 400 to 50 nm, and repul-
sive at or below 50 nm. For pairs of non-homologous chromosomes, the potential energy is
provided by a purely repulsive force strength C, that may model dissociation of strand
exchange (red ring, in Fig 1B; here £, = 400 nm), and also the excluded volume constraint C,,
acting at a distance of £,; = 50 nm (see Table 1). Following a non-homologous encounter,
chromosomes move away from each other while maintaining their orientation with the new
velocity proportional to the interaction distance. Mathematically, the Yukawa potential has a
simple formula for its derivative defined in Eq (2) which gives the corresponding interaction
force and allows for straightforward numerical computation.

The form of the interactions as a Yukawa decaying exponential ensures that forces between
chromosomes become rapidly negligible beyond the effective interaction radius ¢, or ¢, respec-
tively, see Eq (3). The three forces are at their respective maxima when chromosomal centers
of mass overlap, and decrease exponentially from there, falling e.g., to ~ 1/3 of their maxima
when their distance has reached the effective radius. Beyond this effective radius, forces are
essentially negligible compared to chromosome motion because these contributions of velocity
are significantly smaller than the translation velocity, vy, or the random motion term. For
example, when chromosome centers of mass are separated by three effective length radii,
forces decrease by an order of magnitude from their maxima. Thus, all computed forces
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Table 1. Table of parameters used in the simulations. Movement speed for spol1 hypomorph inferred from [15].

Parameter Dim. Value Nondim. Value

Base spoll (Fig 10B) spol1(Fig 10C)
Nucleus (domain) radius L 3.25 ym [13] 3.25 3.25 3.25
Characteristic length scale L, 1 ym [16] 1 1 1
Diffusion constant D 10°nm*/s [50] 0.0001 0.0001 0.0001
Movement speed v, 300 nm/s [17] 0.3 0.3 0.231
Length scale, attractive force ¢, 400 nm [8] 0.4 0.4 0.4
Length scale, repulsive force (non-hom. chromosomes) ¢, 400 nm [8] 0.4 0.4 0.4
Length scale for repulsive force (hom. chromosomes) L, 50 nm [6] 0.05 0.05 0.05
Attractive Strength C, N/A 0.005 0.0017 0.0017
Repulsive Strength for non-hom. chromosomes C, N/A 0.005 0.0017 0.005
Excl. Vol. Strength for all chromosomes C,, N/A 0.05 0.05 0.015
Boundary repulsion strength C; N/A 0.15 0.15 0.15
Boundary repulsion length ¢, N/A 0.05 0.05 0.05

https://doi.org/10.1371/journal.pcbi.1011416.t001

represent short-range interactions that do not affect the motion of either homologous or non-
homologous chromosomes beyond one effective radius scale, as further evident from the Sup-
plemental Movies [45] of representative simulation runs (see Fig 2; below).

Within living cells, attractive and repulsive forces may result from a combination of diverse
interactions. These interactions primarily entail homology search and strand exchange
between a resected double-strand break (DSB) and intact template DNA. They may also
encompass interactions between intact double-stranded DNA molecules. Attractive forces
manifest during the formation and elongation of a heteroduplex between a DSB and a homolo-
gous template. This process is initiated by microhomologies, typically consisting of 8 base
pairs [29]. Repulsive forces involve the dissociation of heteroduplexes containing internal or
flanking mismatches, a phenomenon facilitated by ATP hydrolysis [30]. Factors influencing
the success of pairing and strand exchange further include the degree of coiling in both the
template and invading DNA [31] and, at closer proximity, electrostatic interactions [32]. Pro-
teins, such as histones [33], RecA orthologs [30], mediator proteins [34], diverse ATPases [35],
and the mismatch repair machinery [36, 37], can all modulate both attraction and dissociation
processes.

Third, there is a term in Eq (1) accounting for thermal noise within the nucleus. This is a

small white-noise process where W ~ N(0, v/dt) can be modeled as a normally distributed
random variable with mean zero and variance proportional to the time step. While the chro-
mosomes are tethered to the nuclear envelope, their motion is not linear and thermal noise
plays an active role at this small scale. This is best modeled as a random walk. Although the net
motion is not that of a random walk, this component contributes biologically-relevant overall
motion. This formulation has been successfully used to capture thermal noise in other models
describing microscale biological processes [38-44].

Our approach replaces microscopic details of the physical chromosome shape with a repre-
sentation of the dynamics of its center of mass, which resembles the green fluorescent protein
(GFP) dot utilized in the experimental setting. This allows for chromosome movement to be
the direct readout of interaction frequencies between homologous and non-homologous chro-
mosomes throughout the nucleus. Our model is simplifying the nucleus from three to two
dimensions, providing a direct correspondence to the two-dimensional nature of the experi-
mental data set used to calibrate the model where biological sample preparation involved fixa-
tion and flattening of the nucleus [13]. Furthermore, our modeling framework treats homolog
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Fig 2. Strength of exponentially decaying forces between non-homologous (short-range repulsive) and homologous (short-range
attractive) chromosomes. Vertical black lines represent the centers of mass, x;, and the colored regions indicate each chromosome’s force
modeled as a decaying exponential. The first column shows the strength of the forces. The second column shows a cartoon illustration of the
corresponding chromosome dynamics when they meet, and the third column contains representative frames from Supplemental Movie 1 [45].
The solid circles on the righthand side indicate the effective interaction radius (see Table 1) beyond which the force is negligible. (A-C)
Ilustration of exponentially decaying forces when two non-homologous chromosomes meet. The repulsive force felt by a non-homologous
chromosome corresponds to where its center of mass crosses into the other chromosome’s repulsive region (denoted by * in A). (D-F) Similar
illustrations but for an attractive homologous interaction.

https://doi.org/10.1371/journal.pchi.1011416.9002
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pairing as an endpoint and does not consider the ensuing homolog segregation during meiosis
I, again facilitating comparison to experimental data where cells were arrested at the pairing
stage due to absence of the meiotic progression factor Ndt80 [13, 19].

Parameter choice

Table 1 shows the parameter values used in the initial simulations. While our model is adapt-
able to a wide range of parameters, it is important to identify realistic values for comparison
with specific experimental observations. Meiosis in the budding yeast S. cerevisiae (the organ-
ism which provided the experimental data set used for model calibration) involves 16 homolog
pairs or 32 individual chromosomes, corresponding to 32 coupled equations, each simulating
the dynamics of the center of mass for an individual chromosome. Chromosomes may come
in close contact with the nuclear boundary without ever crossing it due to an appropriate value
set for the boundary repulsion strength and characteristic length scale using a purely repulsive
Morse potential (similar to the pure repulsion case in Eq 3). While the intact yeast nucleus is
roughly 2 ym in diameter, it is set here to 6.5 ym to account for its flattening and spreading
during experimental data collection [5, 13]. Flat nuclei in the simulation result in chromosome
motion exclusively within the two-dimensional cross-section shown in Fig 1. Experimentally
determined distances between GFP-tagged chromosomes range between 200 nm (the resolu-
tion limit of light microscopy) and 6.0 ym [13].

While attractive and repulsive interactions between homologous and non-homologous
chromosomes, respectively, can presently not be measured directly, their length scales can be
estimated from features that have been determined in several biological systems (above). Many
of these interactions involve evolutionarily conserved components of the homologous recom-
bination machinery for which measurements are available [6, 7]. We use a “symmetric” model
where attractive and repulsive forces act at the same length. The attractive length radius (¢,) is
set to 400 nm corresponding to approximately 800 nucleotides of fully extended, single
stranded DNA (assuming 0.5 nm per nucleotide; [46, 47]). During the homology search, such
5’ resected DSB tentacles may reach out from the broken chromosome to other chromosomes
to probe homology [9]. The exponential decay of both attractive and repulsive forces further
reflects single stranded DNA at meiotic DSBs that may range from 500-1500 nucleotides [47,
48] Thus, two chromosomes with centers of mass within 400 nm can initiate the homology
search. The minimum homology length requirement for strand capture entails 8 nucleotides
of homology; such initial contacts then are extended in nucleotide triplet steps [29]. Thus, a
relatively short DSB tip region appears to be sufficient to make the first contact followed by
homolog movement toward one another by heteroduplex extension. Once homologs are
paired, they remain so henceforth and assume a single equation of motion ensuring they do
not break apart, with the very short distance repulsive force keeping them at a constant dis-
tance of 50 nm which approximately corresponds to the conserved 100 nm width of the synap-
tonemal complex [6, 7].

Likewise, the repulsive length (£,) is set to a 400 nm center of mass radius under consider-
ation that invading resected DSB tentacles also generate a dissociative (repulsive) force. Disso-
ciation of strand exchange due to insufficient homology likely involves the same forces as
attraction with net movement in the opposite direction. Again both attractive as well as repul-
sive forces are significant only over short distances, i.e., when chromosome centers of mass are
less than 400 nm apart, corresponding to less than 1/15 of the maximum distance provided by
the 6.5 ym diameter of the nuclear area (Fig 3).

Our choice for the strengths of homologous and non-homologous interaction forces is
motivated by kinetic considerations. Non-homologous interaction strength is directly related
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Fig 3. Effects of chromosome number on pairing efficiencies and kinetics. Pairing frequencies for the indicated number of homolog pairs in 200
realizations are combined to compute the percent of homologs paired at the indicated time points. Average pairing levels of the indicated number of
equally sized homolog pairs. Error bars are omitted for clarity.

https://doi.org/10.1371/journal.pchi.1011416.9003

to the time spent exploring that interaction by a given chromosome. Thus, doubling the repul-
sive strength cuts the time spent in close proximity in half for non-homologous chromosomes
(see Fig 2). By contrast, interactions between homologous chromosomes requires a longer
time period for the assessment of homology. Hence, parameters need to reflect features of the
probing process whether or not two chromosomes are homologous, but also not result in non-
homologous? chromosomes jumping apart. It is further noteworthy that a given chromosome
has an attractive interaction with one homologous chromosome, but a repulsive interaction
with up to 30 non-homologous chromosomes, even though in the semi-dilute scenario, inter-
actions typically occur with only one chromosome at a time.

Apart from collisions, the homology search involves the following processes. Directed chro-
mosome movements increase the probability of chromosomal encounters allowing them to
probe homologous and non-homologous DNA partners. The velocity of chromosome move-
ments at 300 nm/s is taken from live-cell imaging of meiotic chromosome movements which
range between 200 and 500 nm/s [15-17]. Importantly, prophase I chromosome movements
enhance chromosomal encounters. Without movements, the homology search for a given
chromosome with a 400 nm attractive radius would be limited to approximately 5% of the
nuclear area [49]. The parameter for chromosome motion due to thermal noise is provided

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1011416 May 13, 2024 9/26


https://doi.org/10.1371/journal.pcbi.1011416.g003
https://doi.org/10.1371/journal.pcbi.1011416

PLOS COMPUTATIONAL BIOLOGY Modeling identifies determinants of homolog meiotic pairing

from the diffusion constant of interphase chromatin which ranges between 10> and 10° nm?*/
sec [50].

At the start of each simulation, chromosomes are assigned unit velocities and random ini-
tial placements throughout the nucleus using a basic exclusion algorithm where a chromosome
is placed and then its center of mass distance to all other chromosomes previously placed is
computed [20]. If any initial distance is below 400 nm, another random location is chosen for
the respective chromosome to avoid overlap in the initial chromosome placement, repeating
this process until all chromosomes have been placed. Notably, the model is easily adaptable to
alternative initial placement exclusion distances.

Results
Initial model and comparison with experimental data

In the reference experiment, homologous and non-homologous chromosome interactions,
were monitored by retrieving cell aliquots from semi-synchronous meiotic cultures which
either carry two GFP-tagged copies of chromosome III or single copies of GFP-tagged chro-
mosomes III and II, respectively [13]. Pairing was inferred from the frequency of cells with
GFP dots separated by less than 400 nm in the strain carrying GFP-tags in homologs adjusted
for fortuitous co-localization as derived from measurements in cultures carrying GFP-tags on
non-homologous chromosomes pairs. This analysis suggested that homolog pairing is at a
minimum around ¢ = 3h after transfer to meiosis medium, corresponding to the time of pre-
meiotic S-phase, and reaches maximum levels at ¢t = 7.5h, when most cells have entered the
pachytene stage [13]. To model the complete homology search process throughout prophase I,
we simulated chromosomal dynamics using Eqs (1)-(3). The numerical approach was
designed in MATLAB [51]. A base code for the wild-type dynamics is available at [52] and cor-
responding Supplemental Movies are available at [45]. Importantly, the simulation allows con-
current tracking of all 16 homolog pairs and comparing their pairing dynamics to
appropriately matched non-homologous partners within the same nucleus. Running Monte
Carlo simulations with up to N = 32 chromosomes, typically 200 realizations were carried out
and averaged.

We began assessing the validity of our model under the simplification that all chromosomes
are of uniform length corresponding to the measured length of a mid-sized yeast chromosome
at the pachytene stage [16] and a uniform reach corresponding to 400 nm. Parameters in
Table 1 are chosen for the best correspondence with experimental data following exploration
of the parameter space. We initially modeled pairing with a minimum set of two pairs of
homologous chromosomes and subsequently increased the number of chromosome pairs to
16. Homologs were considered as paired when they became stably juxtaposed at 400 nm (see
Modeling Approach), exploring pairing dynamics in dilute (less then 4 pairs) to semi-dilute (4
or more pairs) conditions. This study revealed unexpected effects of chromosome numbers on
the efficiency and kinetics of pairing.

The model was started at the t = 3h time point, corresponding to minimum pairing levels in
the experimental data set (above). For the scenario with 2 homolog pairs only 75% of homolog
pairs completed pairing by ¢ = 7h indicating that all homologs are paired in as few as 50% of
cells, and increases at later times are negligible. An increase of homolog pairs to 4 increased
the efficiency of pairing somewhat and this was increased further in the presence of 8 or 16
homolog pairs per nucleus. This reveals the qualitative difference between the dilute (2 pairs)
and semi-dilute regime (4 or more pairs) in chromosome dynamics. Accordingly, with at least
8 homolog pairs, essentially all homologs have completed pairing by ¢ = 9h. Thus, in the dilute
scenario, isolated movements without chromosome interactions are predominant, whereas in
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the semi-dilute scenario, chromosome interactions dominate motion and such interactions
are a prerequisite for successful homolog pairing.

Having established that chromosome number affects pairing efficiency, we next explored
additional features of the scenario with 16 homolog pairs corresponding to the chromosome
set in diploid budding yeast. In this analysis, homolog pairs were arranged based on their ini-
tial distances in ascending order. Homolog distances were then recorded over time and plotted
at four time points corresponding to those examined experimentally for chromosome III (Fig
4A). Each data point represents average distances from 200 realizations. Initial distances
between homologs in the simulation range from 0.7 ym to ~ 6 ym (Fig 4A). Modeling sug-
gests that chromosomes initially separated by 0.7 ym to 4 ym (chromosome indices 1 to 12)
have completed pairing within 2 hours, whereas chromosomes separated by a larger distance
require up to 4 hours to complete pairing (Fig 4A). These results suggest a nonlinear relation-
ship between initial homolog distance and pairing kinetics.

Distances between non-homologous chromosome partners were monitored in the same
simulation. Data points in this case represent any non-homologous chromosome initially
placed at the same distance as the homologous partner chromosome in the same nucleus (Fig
4B). Accordingly, initial distances between non-homologous and homologous pairs are simi-
lar, yet non-homologous distances remain unchanged over time whereas homologous dis-
tances become progressively smaller. This confirms that the simulation is indeed specific for
homologous pairing.
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Fig 4. The pairing model captures experimentally determined association kinetics between homologous and non-homologous chromosomes
during wild-type meiosis. (A) Modeling of pairing between 16 uniformly-sized partner chromosomes. For each modeling run, chromosome distances
at t = 3h are used to uniquely index homologous chromosome pairs, which are arranged along the x-axis based on ascending initial distances. The y-axis
indicates average distances from 200 realizations of the agent-based model Eqgs (1)-(3) at the time points indicated by the color code. Error bars indicate
standard deviations. The inset shows experimentally determined distances between a single pair of GFP-labeled yeast chromosome III measured in a
synchronized meiotic culture in fixated nuclei (n > 100) (data from [13]). Nuclei are arranged based on distances between homologous GFP signals at a
given time point. Note that x-axes are different in the inset due to the fact that in the experiment cells were observed at a given time point and then
discarded, whereas in the simulation the same cell was tracked over time. (B) Results from modeling of distances between non-homologous
chromosome pairs in the same nuclei analyzed in (A). For non-homologous pairs, each homolog partner is matched with a non-homologous
chromosome that at ¢ = 3h exhibits a distance optimally matched to that with its cognate homolog partner. Inset (B) shows experimentally determined
distances between non-homologous GFP-tagged budding yeast chromosomes II and III (error bars indicate SD). For details on experimental conditions
see [13]. The pairing distance is highlighted in gray at 400 nm. *Note the experimental data do not include information for ¢ = 9h.

https://doi.org/10.1371/journal.pcbi.1011416.9004

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1011416 May 13, 2024 11/26


https://doi.org/10.1371/journal.pcbi.1011416.g004
https://doi.org/10.1371/journal.pcbi.1011416

PLOS COMPUTATIONAL BIOLOGY Modeling identifies determinants of homolog meiotic pairing

Comparison between simulation and experiment indicates good qualitative and quantita-
tive convergence for homologous and non-homologous association kinetics (see insets Fig 4).
Importantly, non-homologous GFP signals remain at similar distances throughout meiosis in
both experiment and simulation, with little changes in inter-chromosomal distances. We con-
clude that the modeling framework efficiently recapitulates the chromosome dynamics during
homologous pairing throughout prophase I. Notably, however, modeled pairing kinetics are
derived from the entire set of 16 homolog pairs within the same nucleus whereas experimental
data represent distances between a single GFP-tagged chromosome with its homologous part-
ner or a single representative non-homologous partner measured in different nuclei and in dif-
ferent cultures.

Several additional differences between experimental data and modeling are noteworthy. In
the simulation, all chromosome pairs are placed to an unpaired starting position and released
into the moving chromosome ensemble. The experiment, by nature represents a more com-
plex situation: (i) Due to the incomplete synchrony within a meiotic culture, a cell sample
taken at a given time point comprises a mixture of cells that have progressed to various degrees
in the pairing process. (ii) Moreover, prior to entry into meiosis, homologs are paired somati-
cally in Gl-arrested cells, potentially as a special case of yeast meiosis [10, 11, 13, 19], meaning
that both laggards that have not yet completed unpairing and those undergoing pairing ahead
of the population average will artificially increase the pairing frequency. Accordingly, a sub-
stantial subset of cells exhibits homologous pairing even at the time of minimum pairing levels
(see insets of Fig 4A), either because they are still somatically paired or because they have
already progressed to post-replicative pairing. (iii) While the model places unpaired chromo-
somes randomly on an idealized two-dimensional nuclear area, the experimental “area” is cre-
ated through spreading and/or squashing of a three-dimensional cell in an imperfectly
controlled manner potentially compressing homologs that are separated along the z-axes, a
complication experimentally addressed via comparison with cells harboring GFP signals on
non-homologous chromosomes. Thus, unpaired homolog pairs may end up in close vicinity,
even though this close vicinity may not have existed when the nucleus was in its original 3D
state. This experimental artifact is further evident from substantial frequencies of pairing
between non-homologous chromosomes in the experiment (see inset Fig 4B).

Modeling predicts delayed pairing for the three smallest yeast
chromosomes

The 16 budding yeast chromosomes range in length from 250 kilobasepairs (kbp) to 1,500
kbp. Chromosome size affects several meiotic processes, including the timing and/or density
of initiating DSBs and crossovers [53, 54]. Chromosome length may further affect the cumula-
tive range of attractive and repulsive forces as well as the available space for other chromo-
somes to move in [55]. We therefore took the length of yeast chromosomes into account by
scaling all attractive and repulsive radii in Table 1 by each chromosome’s length in relation to
the average chromosome length. The larger effective radius takes into account the higher num-
ber of DSBs engaged in the homology search along a larger chromosome, even though the
reach of an individual DSB would likely remain unchanged. The inner repulsive radius enforc-
ing binding distance between homologs was kept at 50 nm, independent of chromosome
length, consistent with the uniform width of the synaptonemal complex.

As before, distances between homologous chromosomes were plotted as a function of time,
but results were sorted by increasing chromosome lengths rather than by initial chromosome
distance (Fig 5A). For one of the realizations of the entire homology search of size-adjusted
homolog pairs, see [45] (or https://zenodo.org/records/10246589). Again, initial chromosome
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Fig 5. Effects of chromosome size on pairing kinetics and efficiency. (A) Average distances over time between homolog pairs where repulsive and
attractive radii are adjusted proportionally to the sizes of actual yeast chromosomes. Note that the three smallest homolog pairs are markedly slower in
achieving pairing than all other chromosomes. (B) Non-homologous chromosomes equidistant to each of the two homologs were identified at t = 31
and their distances were monitored throughout the simulation in the same set of model nuclei monitored in (a). (200 realizations, error bars indicate
SD). The gray rectangle highlights pairing distances at or below 400 nm.

https://doi.org/10.1371/journal.pcbi.1011416.9005

distances are on average 3um for all chromosomes, independent of length, corresponding to
half of the diameter of the cell nucleus. As time progresses, chromosomes longer than 400 kbp
have completed homologous pairing by ¢ = 7h in essentially all nuclei, whereas the three short-
est homolog pairs ranging between 250 and 320 kbp remain unpaired, even at t = 94, as sug-
gested by their final distances of > 400 nm (Fig 5). Thus, the three shortest chromosomes take
substantially longer to pair than the rest of chromosomes, revealing a nonlinear effect of chro-
mosome length on pairing kinetics. Importantly, these distinct kinetics are distinct for small
homolog pairs, yet absent for the same chromosomes and their equidistant non-homologous
chromosomes in the same nuclei (Fig 5B). Hence, our model predicts that smaller chromo-
somes exhibit unique pairing requirements. For a direct comparison of Chromosome III
dynamics between simulation and experiment see S6 Fig.

Several additional features of the model are evident from inspection of the Supplemental
Movie Files [45]: Both attractive and repulsive forces affect the path of other chromosomes
only at short distances, as the path of a given chromosome is only altered when their effective
radii overlap. Moreover, even when homologous chromosomes approach each other, they may
remain closely aligned for extended periods, but fail to complete pairing at that time and sepa-
rate again, e.g., due to repulsive interaction with a non-homologous chromosome. Such
dynamics may explain the mixed association previously observed during experimental live-cell
imaging studies where GFP-tagged homologs approached and separated without completing
pairing [18].

Effect of chromosome movement velocity on pairing

We next used our model to examine the role of chromosome translation velocity, v,, on pair-
ing efficiencies and kinetics. Even though faster chromosome movements would be expected
to uniformly accelerate homolog pairing, these simulations identified a velocity threshold for
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Percentage paired

pairing, which particularly impacts mid-sized and large chromosomes. In the simulations
described previously, the velocity parameter in Eq (1) was set to vy = 300 nm/s (see Table 1).
Reducing the chromosome translation velocity by 50% (to 150 nm/s) essentially eliminates
pairing when average pairing frequencies for size-adjusted chromosomes were monitored over
time (red line; Fig 6A). Increasing chromosome velocity in 30 nm/s increments to 210 nm/s
results only in minor increases in pairing efficiencies, with on average only 30% of homolog
pairs achieving pairing by t = 9h (Fig 6A, blue). Surprisingly, the four smallest chromosomes
(sized below 500 kbp) disproportionately contribute to pairing at velocities at or below 210
nm/s, whereas pairing is essentially abrogated for mid-sized and larger chromosomes (Fig 6B).
When chromosome translation velocity is further increased by 30 nm/s to 240 nm/s, this
results in a dramatic improvement of pairing efficiency for all chromosomes, with now ~ 50%
of homolog pairing completed by t = 9h, regardless of chromosome size (orange; Fig 6A and
6B). Pairing efficiency and kinetics can be further improved for all chromosomes by an
increase of velocity to 270 nm/s (light blue), whereas neither a further 30 nm/s incremental
increase nor a doubling in chromosome velocity to 600 nm/s has a substantial effect (Fig 6A
and 6B; black and purple).

Thus, instead of a linear relationship between chromosome velocity and pairing, our model
predicts a threshold effect where velocities at or above 240 nm/s dramatically improve pairing,
a threshold that particularly impacts pairing of mid-sized and larger chromosomes. Note that
at higher velocities, chromosomes move further into the repulsive radii of their non-homolo-
gous partners and are therefore repelled faster, resulting in an accelerated homology search.
Together, these findings suggest that at velocities below 240 nm/s, contributions from random
diffusion are more pronounced, interfering with directional chromosome movements. As ran-
dom motion becomes dominant over directed movement, chromosomes explore less nuclear
area, making homologous encounters less likely. Moreover, at lower translational velocities,
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Fig 6. Modeling identifies a critical threshold of chromosome movement velocity for efficient homolog pairing. (A) Dots indicate the average
pairing levels over time of all 32 true-sized chromosomes. Black indicates the velocity of chromosome movements in the wild-type model in Figs 4 and
5 (300 nm/s). Chromosomes fail to pair at velocities around 150 nm/s and only increases above 240 nm/s have a substantial impact. For a more detailed
analysis of pairing kinetics of (a) see S1 Fig. (B) Effects of movement velocity for actual chromosome sizes. The graph shows pairing levels of
chromosomes of increasing sizes at t = 9h, indicating that pairing efficiencies of larger chromosomes are more dramatically affected by changes in
velocity than those of smaller chromosomes.

https://doi.org/10.1371/journal.pcbi.1011416.9006
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repulsive interactions between non-homologous chromosomes are less frequent, diminishing
effects of excluded regions defined by the presence of non-homologous chromosomes.

Contributions of attractive and repulsive force strengths to homolog
pairing

Next, we examined relative contributions of attractive and repulsive forces to pairing dynamics
by appropriate parameter changes in Egs. (1) to (3). The base model (Fig 7A), comprising size
adjusted chromosomes with equal strengths and reach of attractive as well as repulsive forces
and movements at 300 nm/s, was adjusted by setting either the attractive force strength C, =0
(Fig 7B) or by inversely setting the repulsive force strength C, = 0 (Fig 7C). These simulations
indicate that neither attractive nor repulsive forces alone achieve pairing, at least on the time
scale examined here, yet with some important differences. With repulsion only, the repulsive
forces progressively drive homologs together via volume exclusion, with slower pairing kinet-
ics affecting only smaller chromosomes (Fig 7B). In contrast, with attractive forces only,
homologous chromosomes are drawn together only when they enter the local proximity of
each other, and pairing proceeds exceedingly slowly, but with little or no effect of chromosome
size (Fig 7C).

We also examined whether a dominant attractive force could result in homolog pairing by
increasing the attractive force C, by an order of magnitude compared to the base model with
an equivalent reduction of the repulsive force C,. Indeed, this parameter adjustment results in
almost instantaneous pairing of all but the smallest chromosomes (see S5 Fig). We note, how-
ever, that this scenario is unrealistic, as it is equivalent to a 3-fold increase in the effective
radius, resulting in an effective radius of roughly 1,200 nm for average-sized chromosomes,
further corresponding to one-third of the nuclear area and to an average resection length of
2.4kb of fully extended single stranded DNA (S5 Fig). While symmetric attractive and repul-
sive forces more faithfully capture the dynamics observed in the reference experiment (Fig 5),
this permutation of the model demonstrates how systems with faster or slower pairing can be
captured by adjusting the magnitude of both contributing interaction forces.
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Attraction Only
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Fig 7. Contributions of attractive and repulsive forces on pairing efficiencies and kinetics. (A) Pairing wild-type model using true chromosome
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lengths and a standard translational movement velocity of 300 nm/s as primarily studied herein. In (B) the attractive strength C, = 0 in the WT model is
used to highlight the effect of repulsive interactions alone. In (C) the reverse is true, C, = 0 in the WT model is used to highlight the effect of attraction
alone. (200 realizations, error bars indicate SD). The pairing distance is highlighted by a gray rectangle.

https://doi.org/10.1371/journal.pchi.1011416.9007
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Contributions of chromosome elasticity and orientation to homolog
pairing

To better account for the rod-like shape of condensed prophase I chromosomes, we next
extended the basic modeling framework to account for the presumed polymer properties of
chromosomes. Following an approach previously developed for linear active polymers [56], we
modeled each chromosome as an active dumbbell where two beads, as defined by the base
model, are connected by a bond force F, = VU,. Here the bond potential and resulting force
are expressed as

24T

U = Mk, Tr?, F,,=—(-1)—
’r

= —(=1)2ADr for i=1,2 beads, (4)
where A is a Lagrange multiplier, kj is the Boltzmann constant, T is the temperature, yris a
friction coefficient of translational motion and r? = (r, — r;)? the bond vector whose average
length enforces the chromosome size, (r*) = £°. Following this approach we choose k;, T/y; = D
for the diffusion coefficient. This replaces the radial model above with an elastic dumbbell
formed by two connected beads each with its own attractive and repulsive forces, but now
explicitly adding the additional features of elasticity and orientation of the chromosome (see
Fig 8A). In the equations of motion the bond force term is added as an additional contribution
to the motion of each chromosome, but only affects the relative position of each bead in the
active dumbbell. In terms of attractive and repulsive interactions, each of the beads interacts
with the two beads on each of the other chromosomes, more faithfully representing the elon-
gated physical structure of chromosomes.

Simulations were carried out and described with a still of the nucleus and all 32 active
dumbbell chromosomes (see Fig 9B and Supplemental Movie 2 at [45]). Even though pairing
is completed somewhat faster in the model with dumbbells compared to those with circular
chromosomes with a single center of mass, both models provide similar results. Thus, the
computational complexity added by the active dumbbell approach does not significantly alter
the results, at least with the parameters chosen here. However, the active dumbbell version of
the simulation may prove useful in situations, e.g., when interactions with unusually large
chromosomes are under investigation.

Adaptation of the pairing model to a mutant with reduced DSBs

Building on the expanded model that takes chromosome sizes and optimized velocities into
account, we next investigated the case of a meiotic mutant for which experimental data are
available [13]. Absence of meiotic DSBs, e.g., in a spol1 null mutant, essentially abrogates
homolog pairing, consistent with a central role of recombination intermediates in establishing
and/or stabilizing homolog pairing [10, 19, 57]. A decrease of initiating DSBs to around 30%
of wild type in a hypomorphic spol1 mutant (spol1-HA/spoll-HA-Y135F; hereafter
spol1-HA/yf) results in delayed, though largely efficient pairing [13]. Model parameters were
adjusted to accommodate the fact that reduced DSB abundance would likely reduce both the
cumulative attractive and repulsive forces exerted by these intermediates. Furthermore, chro-
mosome translation velocity was reduced consistent with experimental data that indicate a
reduction of the average chromosome velocity by 20% in a spol1 null mutant (to 110 nm/s
from 140 nm/s in wild type; see Fig 4A in [15]). Accordingly, for the spol1 hypomorph, in one
simulation we reduced the chromosome translation velocity from 300 nm/s to 230 nm/s.
Actual chromosome sizes were used for this simulation, yet results were plotted based on
initial chromosome distances to facilitate comparison with the experimental data set in both
wild-type SPO11 (Fig 10A) and spoll hypomorph (Fig 10B and 10C). We considered two
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Fig 8. Polymer chain model for chromosomes incorporates flexibility and orientation. (A) Polymer chain model as an active dumbbell where each
end is represented by the single bead model (1) with an additional term to ensure they stay together (4). (B) Representative still from a simulation of the
active dumbbell movie, see Supplemental Movie 3 [45].

https://doi.org/10.1371/journal.pchi.1011416.g008

parameter sets to model the spol1 hypomorph. In Scenario I, the movement speed was
reduced to 77% of the wild type, and attractive strength was reduced to one-third to represent
the mutant strain’s decrease in DSBs available for the homology search (Fig 10B). In Scenario
I1, we considered exclusively the DSB reduction in spol1-HA/yf by decreasing to one-third
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Fig 9. Polymer chain model as an active dumbbell. (A) Average distances over time between homolog pairs where repulsive and attractive radii are

adjusted proportionally to the sizes of actual yeast chromosomes. Note that the three smallest homolog pairs are markedly slower in achieving pairing
than all other chromosomes. (B) Non-homologous chromosomes equidistant to each of the two homologs were identified at ¢ = 3h and their distances
were monitored throughout the simulation in the same set of model nuclei monitored in (A). (200 realizations, error bars indicate SD). The gray
rectangle highlights pairing distances at or below 400 nm.

https://doi.org/10.1371/journal.pcbi.1011416.g009
both the attractive and repulsive force strengths, but kept the chromosome movement speed at
wild-type levels. For a specific realization of the homology search in mutant spo11, see Supple-
mental Movie 3 [45] (or https://zenodo.org/records/10246589). Reducing both movement
speed and attractive forces delays pairing of widely separated homolog pairs indefinitely (see
Fig 10C), whereas all chromosome distances are affected more similarly when both attractive
and repulsive contributions are reduced (Fig 10B). Importantly, these distinct responses
8 Homologous WT Scenario I: Both forces reduced (Homologous) Scenario II: Att/Speed reduced (Homologous)
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Fig 10. Modeling of pairing kinetics at reduced DSB abundance. (a) Wild-type model with true-sized chromosomes. Results differ from Fig 4A) due
to use of true sized rather than uniformly sized chromosomes. The inset shows experimental data for yeast chromosome III in hypomorphic spol11-HA/
yf. Note the x-axis in the inset shows different nuclei derived from aliquots at the indicated time points, whereas the same cells were tracked through
time during simulations. (b) Scenario I for hypomorphic spol1 with 3-fold reductions of the wild-type levels of both attractive and repulsive forces. For
non-homologous chromosome distances see S3 Fig. (c) Scenario II for spo11 hypomorphic mutant with reduced movement speed and attractive force
strength, with experimental observations for spol1-HA/yf shown in the inset. Translational movement velocity is reduced to 77% of wild type levels
(230 nm/s), consistent with slower chromosome movements observed in spol1 [15], and attractive force is reduced 3-fold representing decreased
attractive forces exerted by fewer DSBs (see Table 1). The pairing distance is highlighted in gray at 400 nm. (200 realizations, error bars indicate SD).

https://doi.org/10.1371/journal.pcbi.1011416.g010
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demonstrate the versatility of our model to predict potential contributions of various parame-
ters to pairing dynamics.

Discussion

How homologs pair during meiosis in the presence of an excess of non-homologous chromo-
somes is presently unknown. To explore contributions to the pairing process of the entire
nuclear chromosome ensemble, we have developed an agent-based mathematical model
derived from first principles that takes into account both attractive forces between homologs
and dissociative forces between non-homologous chromosomes (see Methods section). In
many organisms, homologs enter meiosis separated by distances that far exceed the reach of
resected DSBs that could assess homology. This necessitates a process that ensures initial
homolog co-localization potentially provided by chromosome movements together with non-
homologous repulsive forces. Results from our simulations suggest that repulsive forces
together with chromosome movements are indeed a key determinant of bringing homologs
into close vicinity. Both attractive and repulsive forces exert their effects over the same short
distances that are within the range of the single stranded region of resected DSBs. Repulsive
interactions between non-homologous chromosomes create excluded regions within the
nucleus driving homologs into close vicinity, thereby facilitating close-range attractive pairing
interactions. Our simulations further demonstrate that repulsive forces are most effective
when chromosome numbers rise above a certain threshold, likely by reducing the available
area per chromosome. Attractive forces come into play once distances between homologs are
sufficiently small.

A repulsive force that shortens the time spent in non-homologous interactions is a key fea-
ture of our pairing model. It represents molecular processes that dissociate non-homologous
chromosomes from each other. While pronounced contributions of a dissociative/repulsive
force to homolog pairing may appear counter-intuitive, several mutant phenotypes are consis-
tent with the existence of molecular processes that contribute to the dissociation of non-
homologous interactions, which in the model are captured as a repulsive force.

First, when the heterodimeric Hop2/Mnd1 protein complex is defective, chromosomes
undergo stable non-homologous synapsis in yeast, mammals and plants [34, 58-61]. The
Hop2/Mnd1 complex also mediates homologous strand exchange [62], yet non-homologous
chromosome associations are unlikely to be an indirect consequence of strand exchange as
non-homologous synapsis is not a shared feature of mutants defective for strand exchange [34,
58]. Importantly, involvement of a single protein complex in homologous strand exchange
and dissociation of non-homologous chromosome interactions is consistent with both forces
acting upon the same molecular intermediate, most likely displacement loops between DNA
segments with extensive or limited sequence similarity, respectively. Second, mutation of the
Ph1 locus in allopolyploid wheat results in erroneous stabilization of interactions between
non-homologous chromosomes, suggesting that Ph1 normally mediates dissociation of such
interactions [63]. Third, the mismatch repair machinery disrupts recombination between
DNA segments with limited sequence similarity via ejection of the invading strand [30, 34, 36,
64]. In our model, this type of heteroduplex rejection is simulated by a repulsive force that
minimizes the association time of non-homologous chromosome partners.

Repulsive interactions may also be the underlying cause for intermittent separation of
paired homologs observed in live-cell imaging studies [18]. Such separations have been inter-
preted as spatially restricted sub-diffusion involving fully paired homologs [18]. Movie anima-
tions of our model indicate that similar disruptions could arise due to collisions with non-
homologous chromosomes during incipient pairing interactions of homolog pairs (e.g., see
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[45]). Importantly, results from our model suggest that during this exploratory phase, homolog
pairs are susceptible to becoming dislodged due to collisions with non-homologous
chromosomes.

The agent-based modeling framework developed here is new to chromosome dynamics but
has been useful in modeling other multicomponent systems that involve attractive and repul-
sive forces, ranging from molecular to macroscopic components [20, 21, 26, 65-75]. Earlier
modeling approaches have focused on interactions between individual homologs which likely
play an important role in completion of the pairing process, but they have not considered the
effects of interactions between non-homologous chromosomes [18, 20-22].

Our model has identified unexpected threshold effects for several parameters where minor
changes result in major nonlinear effects. Accordingly, for the current settings, homolog pair-
ing levels and/or kinetics are disproportionately increased when chromosomes are initially
separated by less than 4 ym (Fig 4), when chromosome size exceeds 400 kbp (Fig 5), and when
chromosome velocity is increased from 210 nm/s to 240 nm/s (Fig 6). Such discontinuities are
likely related to a critical threshold of non-homologous chromosome encounters that needs to
be crossed for homologous chromosomes to become confined to the same nuclear areas,
thereby facilitating homolog encounters. Accordingly, the frequency of non-homologous
interactions is reduced and crowding of homologous chromosomes into the same nuclear area
occurs at low frequencies when chromosomes are present in lower numbers, exhibit smaller
sizes or fail to achieve unidirectional movement due to disturbance by Brownian motion.

Rapid chromosome movements during prophase of meiosis I have been observed in species
from yeast to mouse [15-17, 76]. Intriguingly, in different taxa, chromosome movements are
mediated by different cytoskeleton components potentially resulting in a wide range of move-
ment speeds [17]. Our model indicates that chromosome movements must occur above a cer-
tain velocity threshold, likely determined by the number of chromosomes and the dimensions
of the nucleus, providing a potential reason why chromosomes move at distinct speeds in dif-
ferent organisms. Moreover, our model predicts that the three smallest yeast chromosomes
would be slower in completing homolog pairing (Fig 5). Notably, the same chromosomes
exhibit increased DSB and crossover frequencies [53, 54], features that may specifically com-
pensate for size-related disadvantages in pairing [81].

A key feature of the current agent-based model is that the entire ensemble of participating
entities is included in the simulations, capturing both typical behavior and deviations thereof.
In contrast, experimental analysis of homolog pairing is limited by the availability of distinct
tags for individual chromosomes. Accordingly, observations from a small number of homolog
pairs have been extrapolated to the entire chromosome complement. Moreover, in cases
where the pairing status is monitored in fixated cells, the progression of pairing must be
inferred from different cells retrieved from the culture at different times. In contrast, our
model captures pairing efficiencies and kinetics of all chromosomes in the same cell over time.
This has already allowed us to predict different sensitivities to translation velocity thresholds
of small, medium-sized, and very large chromosomes that would have eluded a population-
based approach (see Fig 6B).

One of the key features of our modeling framework is that it is easy to explore various
aspects of the parameter space. The model is readily scaled to different biological settings and
may provide predictions for a multitude of cellular scenarios. For example, meiosis in the
Indian muntjac involves only three very large homolog pairs [77], whereas in some insects and
plants between 200 [78] and 600 homolog pairs need to complete pairing [79]. Such complexi-
ties are inaccessible to current experimentation but become analyzable by the current model.
In future work, our model could be used to explore, e.g., how pairing dynamics are affected by
different nucleus sizes and shapes, or by a nucleus represented by a 3-dimensional volume
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rather than a 2 dimensional surface area. As an example, we have already started exploring the
effect of nucleus size on pairing dynamics, indicating that a smaller nuclear area accelerates
pairing likely because each chromosome interacts with several non-homologous neighbors at
the same time. Conversely, pairing becomes inefficient when the nuclear area is increased
above a certain size (e.g., S4 Fig). Other extensions of our model might include chromosome-
size dependent velocities, and temporary changes in effective nuclear volume, as in the case of
directed chromosome movements during the horsetail stage in S. pombe where the entire
chromosome complement temporarily becomes confined to small regions within the nuclear
volume [82].

In summary, the modeling approach developed here suggests that homolog pairing is
achieved by two mechanistically distinct, yet temporally coinciding processes: Homologs
become confined to a nuclear area due to dissociation of interactions with the entire non-
homologous chromosome set achieved via a repulsive force. Confinement to smaller areas
enables homologs to assess similarities modeled as an attractive force. Importantly, both types
of interactions involve close-range physical DNA interactions. Our model makes specific pre-
dictions about contributions of chromosome dimensions and movement velocity in combina-
tion with chromosome numbers that may further be affected by nuclear dimension.
Chromosome numbers, nuclear dimensions, and movement speeds vary widely among differ-
ent organisms and may affect pairing requirements. Some of these parameters are accessible to
experimental manipulation [80], rendering predictions from our model testable in appropriate
experiments.

Supporting information

S1 Appendix. Collection of additional supporting information. This Appendix contains
additional details and biological discussion regarding the supplemental figures to this manu-
script.

(PDF)

S1 Fig. Effects of chromosome velocity on pairing kinetics. (A) Reproduction of Fig 6a, each
dot indicates the average pairing levels of all 32 chromosomes of true sizes at the indicated
time points. Black (300 nm/s) indicates pairing levels at the velocity of chromosome move-
ments in the model in Figs 3 and 5 Chromosomes fail to pair at velocities around 150 nm/s,
likely due to the effect of thermal noise. Increases in 30 nm/s increments increases pairing effi-
ciencies at t = 9h ~ 3-fold, with more modest gains above 240 nm/s where essentially all 16
homologs pair efficiently. (B) Results from S1A Fig were normalized by maximum pairing lev-
els. With increased movement velocities, 50% pairing levels are achieved at progressively ear-
lier time points.

(EPS)

S2 Fig. Effects of movement velocity on homologous pairing kinetics. All results for 16
homolog pairs using true chromosome lengths. Chromosomes are arranged according to their
initial distance to facilitate comparison with the experimental data set. Chromosome move-
ment velocity is (A) 180 nm/s, (B) 210 nm/s, (C) 240 nm/s, and (D) 270 nm/s. Note the sharp
transition between 210 nm/s and 240 nm/s, as also shown in Fig 6A. The pairing distance is
highlighted in gray at 400 nm. (200 realizations, error bars indicate SD).

(EPS)

$3 Fig. Non-homologous chromosome distances for wild type and spol1 hypomorph, with
experimental observations in the insets. (A) Reproduction of Fig 4B for non-homologous
distances in the wild-type simulations. (B) Non-homologous pairs in spoll mutants where one
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of the two homolog partners is matched with a non-homologous chromosome exhibiting an
optimally matched initial distance with its cognate homolog partner at ¢ = 3h. Inset in (B)
shows experimentally determined distances between non-homologous GFP-tagged chromo-
somes II and III. For details on the experimental conditions see [13]. The pairing distance is
highlighted in gray at 400 nm. *Note the experimental data do not include information for

t = 9h. (200 realizations, error bars indicate SD).

(EPS)

S4 Fig. Effects of nucleus size on pairing kinetics and efficiency. Average distances between
homolog pairs for actual sizes of yeast chromosomes as a function of nucleus size. Observe
that pairing occurs much less frequently as the nucleus radius increases consistent with the
roles of confinement and repulsive non-homologous interactions in pairing kinetics. In a
high-density environment of a small nucleus, the repulsive interactions have an even larger
effect because each chromosome is interacting with many non-homologous neighbors in close
proximity. This drives the pairing of homologs by quickly filling the nucleus space with
excluded regions due to repulsion. Results over 200 realizations. Error bars indicate SD.

(EPS)

S5 Fig. Contributions of attractive and repulsive forces on pairing efficiencies and kinetics.
(A) Pairing wild-type model using true chromosome lengths and a standard translational
movement velocity of 300 nm/s as primarily studied herein. In (B) the repulsive strength is
increased by an order of magnitude C, = 0.05 and the attractive strength is decreased by an
order of magnitude C, = 0.0005. In (C) the reverse is true C, = 0.0005 and C, = 0.05 (200 reali-
zations, error bars indicate SD). The pairing distance is highlighted by a gray rectangle.

(EPS)

$6 Fig. Dynamics of chromosome III. (A) Chromosome III in each of 200 realizations are
sorted by their initial distance at t = 3h to their homologous chromosome partner for compari-
son with experiment. (B) The average distance between Chromosome III and Chromosome II
in each of the 200 realizations sorted by their current distance at four time points. (C) Average
homologous (Chromosome III with itself) and non-homologous (Chromosome III with Chro-
mosome II) distances as a function of time.

(EPS)
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