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Modeling the role for nuclear import dynamics in the
early embryonic cell cycle
Yuki Shindo1,* and Amanda A. Amodeo1,*
1Department of Biological Sciences, Dartmouth College, Hanover, New Hampshire
ABSTRACT Nuclear composition determines nuclear function. The early embryos of many species begin life with large pools
of maternally provided components that become rapidly imported into an increasing number of nuclei as the cells undergo
repeated cleavage divisions. Because early cell cycles are too fast for nuclei to achieve steady-state nucleocytoplasmic parti-
tioning, the composition of cleavage stage nuclei is likely dominated by nuclear import. The end of the rapid cleavage stage and
onset of major zygotic transcription, known as the mid-blastula transition (MBT), is controlled by the ratio of nuclei/cytoplasm,
indicating that changes in nuclear composition likely mediate MBT timing. Here, we explore how different nuclear import regimes
can affect protein accumulation in the nucleus in the early Drosophila embryo. We find that nuclear import differs dramatically for
a general nuclear cargo (NLS (nuclear localization signal)-mRFP) and a proposed MBT regulator (histone H3). We show that
nuclear import rates of NLS-mRFP in a given nucleus remain relatively unchanged throughout the cleavage cycles, whereas
those of H3 halve with each cycle. Wemodel these two distinct modes of nuclear import as ‘‘nucleus-limited’’ and ‘‘import-limited’’
and examine how the two different modes can contribute to different protein accumulation dynamics. Finally, we incorporate
these distinct modes of nuclear import into a model for cell-cycle regulation at the MBT and find that the import-limited H3 dy-
namics contribute to increased robustness and allow for stepwise cell-cycle slowing at the MBT.
SIGNIFICANCE Nuclear import dynamics are likely to contribute significantly to cell-cycle regulation at the mid-blastula
transition (MBT). Wemeasure the nuclear import behavior of a general nuclear marker NLS-mRFP and histone H3 in living
Drosophila embryos and find that they represent distinct nuclear import behaviors. We then model different regimes of
nuclear import and explore how these modes may contribute to cell-cycle behavior near the MBT. We find that the
presumably unusual import behavior of histone H3 contributes to the observed robust, stepwise cell-cycle slowing at the
MBT.
INTRODUCTION

The concentrations of nuclear components determine their
abilities to regulate cellular functioning. The state of the nu-
cleus changes dramatically throughout early development as
cells differentiate into specific cell fates. One dramatic
example of such a state change is the mid-blastula transition
(MBT), in which cells switch from a fast-dividing, low tran-
scribing regime to a slow-dividing, highly transcribing state
(1,2). This transition is controlled by the ratio of nuclei/
cytoplasm (N/C ratio) (3–7). Initially, the embryo comes
loaded with a vast pool of maternally provided components
that are almost entirely cytoplasmic because of the low nu-
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clear content at fertilization. A subset of these components
are then gradually partitioned into an exponentially
increasing number of nuclei because the number of nuclei
doubles with each cell cycle, but the total amount of
embryonic protein remains approximately constant (8,9).
Alterations to the N/C ratio result in corresponding advance-
ment or delay of the MBT (3–7). A longstanding hypothesis
has been that titration of some critical components into the
nuclei is responsible for timing the onset of the MBT (3,4).
Several candidate titrated components have been identified,
including histones, replication factors, and deoxyribonucle-
otides, all of which are required in the nucleus (10–19).

If the titration of nuclear proteins is responsible for timing
the MBT as proposed, then the dynamics of translocation of
such factors into the nucleus would be of vital importance in
regulating nuclear state as cells undergo the transition.
Indeed, alteration of active nuclear transport and nuclear
size have been shown to result in changes in MBT behavior
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Shindo and Amodeo
akin to those resulting from manipulating the N/C ratio (20–
22). Active transport of molecules across the nuclear mem-
brane is mediated by karyopherins, such as importins, that
recognize the nuclear localization signals (NLSs) of cargos
in the cytoplasm and facilitate their passage across nuclear
pore complexes (NPCs) (23). In the pre-MBT cell cycles,
entry into mitosis and the accompanying nuclear envelope
breakdown (NEB) occur before the nuclei have stopped
growing, indicating that bulk nuclear import does not reach
steady state by the end of a given cycle (24–26). In this
regime, the dynamics of nuclear import likely dominate
the transient composition of the nucleus within a given
cell cycle and may thereby affect activities of downstream
pathways, including the cell cycle and transcription. How-
ever, the effect of nuclear import dynamics on MBT control
has been little investigated.

Here, we have sought to model how nuclear import dy-
namics can contribute to cell-cycle slowing at the MBT
in the context of early Drosophila embryogenesis. The
early Drosophila embryo undergoes 13 rounds of rapid
syncytial divisions before pausing the cell cycle and under-
going the MBT at nuclear cycle 14 (NC14) (Fig. 1 A). We
focused on NC11 through NC13, during which cell-cycle
durations gradually lengthen from �11 min at NC11 to
�14 min at NC12 and �21 min at NC13 (Fig. 1 B). We
observe distinct dynamics of nuclear import depending
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on cargo proteins and model import regimes that explain
these observed behaviors. Furthermore, we investigate
how nuclear import dynamics of histone H3, which we
have recently characterized as a cell-cycle regulator (27),
contribute to the cell-cycle dynamics in NC11–13. Our re-
sults show that nuclear import dynamics play a key role in
regulating the early embryonic cell cycle.
MATERIALS AND METHODS

Drosophila stocks and crosses

NLS-mRFP (Bloomington Drosophila Stock Center (BDSC) #31418), Hi-

s2Av-mRFP (BDSC #23650), and yw (BDSC #1495) lines were obtained

from the Bloomington Drosophila Stock Center. The nos-PBac line was a

gift from Robert Marmion and Stanislav Shvartsman. All fly stocks were

maintained at room temperature of �22�C on a standard cornmeal or stan-

dard molasses media.
Generation of an endogenously tagged
Chk1-sfGFP line

For CRISPR-Cas9 editing of the endogenous chk1/grp gene, a single

CRISPR target site was selected using Target Finder (28) near the stop codon,

and the designed guide RNA (gRNA) was subcloned into the pU6-BbsI-

chiRNA vector (a gift from Melissa Harrison and Kate O’Connor-Giles

and Jill Wildonger, Addgene plasmid #45946; http://www.addgene.org/

45946/; Research Resource Identifiers (RRID): Addgene_45946;Watertown,
uclear cycle

Time (min)

FIGURE 1 Distinct dynamics of NLS-mRFP

and histone H3 nuclear import. (A) The cell cycle

in the early Drosophila embryo. The early

Drosophila embryo undergoes 13 rounds of rapid

and synchronous divisions before pausing the cell

cycle at nuclear cycle (NC) 14 and undergoing

the mid-blastula transition (MBT). (B) Cell-cycle

durations gradually slow from NC11 to NC13.

(C) Nuclear growth dynamics in NC11–13 (25).

(D and E) Total nuclear intensities of NLS-mRFP

and H3-Dendra2 during interphase in NC11–13.

H3-Dendra2 data were reported previously (25).

Gray boxes represent mitosis. These two proteins

represent two distinct modes of nuclear import

with each cell cycle. (F) Nuclear import rates of

NLS-mRFP and H3-Dendra2 as measured by initial

slopes of nuclear intensities in (D) and (E). NLS-

mRFP import is relatively constant as per nucleus

basis (total import doubles with the number of

nuclei), whereas H3-Dendra2 halves with each

cell cycle (total import capacity remains constant

embryo wide). Data represent the mean5 standard

deviation (SD).

http://www.addgene.org/45946/
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Nuclear import dynamics and cell cycle
MA). Approximately 1 kb of homology arms with a synonymous mutation at

the PAM site were subcloned into the pScarlessHD-sfGFP-DsRed plasmid (a

gift from Kate O’Connor-Giles, Addgene plasmid #80811; http://www.

addgene.org/80811/; RRID: Addgene_80811) (GenScript, Piscataway, NJ).

gRNA and homology arm plasmids were co-injected into nos-Cas9 embryos

(TH00787.N) and DsRedþ progeny were screened (BestGene, Chino Hills,

CA). The DsRed marker was removed through a cross to nos-PBac flies.

Expression of Chk1-sfGFP was confirmed by Western blotting with anti-

GFP antibody (1:2000, ab290; Abcam, Cambridge, UK).
Microscopy

Embryos were collected on yeasted apple juice agar plates for 2 h at

25�C and dechorionated with 4% sodium hypochlorite for 2 min fol-

lowed by a wash in deionized water. Dechorionated embryos were

mounted in deionized water on a glass-bottom microwell dish (MatTek,

Ashland, MA), and fluorescent images were acquired by a Nikon A1R

laser scanning confocal microscope (Nikon, Tokyo, Japan) with a 20�
0.75 NA objective at room temperature of �22�C. Time-lapse videos

were obtained at a time resolution of either 30 s (Chk1-sfGFP) or 45 s

(NLS-mRFP).
Image analysis and quantification

Nuclear regions were segmented from either NLS-mRFP or His2Av-mRFP

images using ilastik (29), and nuclear intensities of NLS-mRFP or Chk1-

sfGFP were quantified. Nuclear volumes and nuclear H3-Dendra2 data

were derived from our previous work (25).
Numerical simulation, modeling, and parameters

The ordinary differential equations were numerically computed using the

scipy.integrate.ode (30). For modeling, we first considered two simple nu-

clear import regimes, in which either embryo-wide import or per-nuclear

import was constant regardless of the increasing number of nuclei during

embryogenesis, to recapitulate different behaviors of NLS-mRFP and his-

tone H3 nuclear import. To investigate how nuclear import dynamics affect

downstream pathway activities, we constructed an integrative model for H3

nuclear import and H3 control of the early embryonic cell cycle by extend-

ing previous models (25,27,31–34). Model details are described in the main

text and Supporting materials and methods. The values of parameters used

for simulation are based on previous works (25,27,34) with slight modifica-

tions to closely match experimental measurements and are summarized in

Table S1.
RESULTS

Distinct dynamics of nuclear import during early
embryogenesis

In the early embryo, nuclei display remarkably rapid growth
(Fig. 1 C) indicative of large-scale translocation of proteins
from cytoplasmic pools into the nucleus. The early
Drosophila embryo develops as a syncytium in which nuclei
share a common cytoplasmic pool until NC14. Because of
the increasing number of nuclei, demand for nuclear import
increases with each cycle relative to a fixed cytoplasm. To
analyze dynamics of nuclear import in vivo, we visualized
an NLS-mRFP marker as a proxy for general nuclear import
in NC11–13. To accurately measure the nuclear import of a
single protein within these rapidly growing nuclei, we report
total integrated nuclear intensities rather than average inten-
sities (i.e., concentrations; Fig. S1). We observed total nu-
clear NLS-mRFP increased approximately linearly over
time with little indication of slowing over the course of
the cell cycle, suggesting that the kinetics of nuclear import
are saturated and NLS-mRFP does not approach steady state
in the early cycles (Fig. 1 D). In addition, the initial slope of
NLS-mRFP accumulation was similar for the final three cell
cycles before the MBT (Fig. 1 F). This indicates that em-
bryo-wide NLS-mRFP import keeps pace with the increase
in the number of nuclei and per-nuclear import is indepen-
dent of the number of nuclei.

The dynamics of NLS-mRFP nuclear import stand in
marked contrast to histone H3, which we have previously
characterized using H3-Dendra2 (25). Nuclear import rates
of H3 as measured by initial slopes of total nuclear inten-
sities halve with each cycle (Fig. 1, E and F). This indicates
that total embryo-wide H3 import is approximately constant
and is divided between an increasingly large number of
nuclei with each division. Moreover, total final nuclear pro-
tein amounts decrease from NC11 to NC13, indicating that
H3 pools are exhausted near the MBT. H3 also differs from
NLS-mRFP in that a fraction of H3 protein remains stably
associated with DNA through mitosis resulting in a portion
of the H3 pool that is independent of nuclear import. How-
ever, the higher H3-Dendra2 concentrations in early cycles
than in late cycles are the result of a large pool of non-
DNA-bound H3 in early nuclei (25). These observations
indicate that H3 and NLS-mRFP must depend on different
nuclear import regimes to result in such different import
dynamics.

Given the large pool of cytoplasm in the early embryo, it
has typically been assumed that nuclear import rates are
limited by the availability of nuclei to uptake proteins
(35–37). For example, the number of NPCs may be limiting
for bulk nuclear import. In this regime, which we refer to as
‘‘nucleus-limited,’’ rates of nuclear import in each nucleus
(per-nuclear import) are unaffected by the increase in the
number of nuclei: import rate ¼ r(c), where the import
rate of a given cargo is a function of its cytoplasmic concen-
trations. Therefore, the initial slope of nuclear import in
each nucleus remains the same, but cytoplasmic consump-
tion doubles as the number of nuclei doubles with each cycle
(Fig. 2 A). This model is consistent with the measured
behavior of NLS-mRFP. However, H3 nuclear import does
not fall into this category. H3 nuclear import rates become
diluted as the number of nuclei increase and can be phenom-
enologically described as import rate¼ r0(c)/Nn, where Nn is
the number of nuclei. Here, the initial slope of per-nuclear
import halves and cytoplasmic consumption remains un-
changed with each cycle. We refer to this regime as
‘‘import-limited’’ because embryo-wide import does not
keep pace with the increase in the demand, and therefore,
import capacity is distributed over the increasing number
of nuclei (Fig. 2 B).
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FIGURE 2 Dynamics of nuclear accumulation in response to doubling the number of nuclei in the ‘‘nucleus-limited’’ and ‘‘import-limited’’ models. (A) In

the nucleus-limited regime, nuclear import in an individual nucleus (per-nuclear import) is unaffected by an increase in the number of nuclei. The equations

for the model are dn/dt¼ Vc/(Kþ c) and dc/dt¼�NnVc/(Kþ c), where n represents levels of a cargo in a given nucleus, c indicates cytoplasmic pools, Nn is

the number of nuclei in the embryo (750, 1500, and 3000 in NC11, NC12, and NC13, respectively), n0 ¼ 0, c0 ¼ 3000, V ¼ 0.05, and K ¼ 300. (B) In the

import-limited regime, per-nuclear import halves as the number of nuclei doubles with each cycle. The equations for the model are dn/dt¼ Vc/(Kþ c)N and

dc/dt ¼ �Vc/(K þ c), where n0 ¼ 0, c0 ¼ 3000, V ¼ 37.5, and K ¼ 300. (C and D) Dynamics of nuclear import in NC11–13 with respect to different time-

scales of nuclear import. When the timescale of nuclear import is sufficiently faster than cell-cycle durations, per-nuclear levels halve with each cell cycle

regardless of the method of nuclear import. When nuclear import is slow compared to cell-cycle times, the nucleus-limited mechanism results in more accu-

mulation in late cycles because of longer cell-cycle durations, whereas the import-limited mechanism still reduces nuclear accumulation in late cell cycles.

The equations for (C) are dn/dt¼ Vc/(Kþ c) and dc/dt¼�NVc/(Kþ c), where n0 ¼ 0, c0 ¼ 3000, V¼ 2.5 (left) or 0.05 (right), and K¼ 300. The equations

for (D) are dn/dt ¼ Vc/(K þ c) and dc/dt ¼ �NVc/(K þ c), where n0 ¼ 0, c0 ¼ 3000, V ¼ 1875 (left) or 37.5 (right), and K ¼ 300. (E) Levels of nuclear

accumulation before NEB. The two import modes can result in distinct dynamics of nuclear accumulation depending on the timescale of nuclear import and

cell-cycle durations.
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To understand how the two import mechanisms might
affect nuclear import dynamics differently in the early em-
bryo, we calculated levels of nuclear accumulation in
NC11, NC12, and NC13 under both nuclei-limited and
import-limited regimes. To model nuclear import, we used
the Michaelis-Menten equation Vc/(K þ c) with a relatively
small value of K compared to the cytoplasmic pool. This
well recapitulates the linear accumulation of nuclear pro-
teins in vivo (Fig. 1). An important consideration for how
4280 Biophysical Journal 120, 4277–4286, October 5, 2021
finite cytoplasmic pools of a given cargo will accumulate
in the nucleus is how the timescale of nuclear import com-
pares to the length of the cell cycle. When nuclear import is
sufficiently faster than the timescale of cell cycles, cyto-
plasmic pools are rapidly exhausted, and the final amount
of the cargo in a given nucleus halves as the number of
nuclei doubles with each cycle regardless of the methods
of nuclear import (Fig. 2, C–E). By contrast, when the time-
scale of nuclear import is slower than cell-cycle durations,



Nuclear import dynamics and cell cycle
the nucleus-limited regime results in an increased level of
nuclear accumulation from NC11 to NC12 and from
NC12 to NC13 (Fig. 2, C–E). This is because cell-cycle du-
rations lengthen during this period, allowing more time for
protein accumulation (Fig. 2 C, right). However, in the
import-limited regime, nuclear protein accumulation is
reduced with each cycle (Fig. 2 D, right) because the
increased cell-cycle duration cannot overcome the
decreased slope of accumulation. Together, the nucleus-
limited regime can both increase and decrease nuclear accu-
mulation in an �10-fold dynamic range from NC11 to
NC13 depending on import parameters, whereas the
import-limited regime robustly reduces nuclear accumula-
tion with each cycle.
Investigating the role of nuclear import dynamics
in early cell cycles

Thus far, we have shown that diverse behaviors of protein
nuclear accumulation can arise purely from differences in
import regimes and without the need for cargo-specific
active regulation (e.g., modifications to specific cargo).
A

C

B

However, how these different import regimes might affect
downstream cellular behaviors remains unclear. Given the
proposed role for nuclear titration of histone H3 in cell-cy-
cle regulation at the MBT (13,15), we sought to tackle this
question by creating an integrative model for H3 nuclear
import and H3 control of embryonic cell-cycle progression
(Fig. 3 A).

Cell-cycle progression in the early embryo is driven by
the cyclin-Cdk1 (Cyc-Cdk1) system. Based on previous
studies (31,32), the core Cyc-Cdk1 system was modeled
with two ordinary differential equations:

d½A�
dt

¼ ks � k�w½A� þ k�c ½I� � k�d ½A�

and

d½I�
dt

¼ k�w½A� � k�c ½I� � k�d½I�;

where [A] and [I] represent concentrations of active and
inactive forms of cyclin-Cdk1 complex, respectively. The
active form is produced at a rate of ks, and k�w, k

�
c , and k�d
FIGURE 3 (A) Schematic of the model for import-

limited H3 nuclear import (WT) and cell-cycle regu-

lation. Rates of H3 nuclear import are expressed by

the Michaelis-Menten equation and become diluted

over the increasing number of nuclei (N). Cell-cycle

progression is driven by the cyclin-Cdk1 cell-cycle

oscillator. H3 regulates the cell cycle through inhibi-

tion of the checkpoint kinase, Chk1, that interferes

with cell-cycle progression. See Supporting mate-

rials and methods for full details of the model. (B)

Chk1 concentrations in the nucleus remain un-

changed from NC11 through NC13. The endogenous

chk1/grp locus was tagged with sfGFP using

CRISPR-Cas9 genome editing. Average Chk1-

sfGFP intensities in NC11–13 are shown. Data repre-

sent the mean 5 SD. (C) Simulation of H3 nuclear

import, nuclear growth, and Cyc-Cdk1 oscillations

in the WTembryo, consistent with previous observa-

tions of H3 nuclear import and nuclear growth

(Figs. 1, C and E, and S4 (25), as well as the dy-

namics of cell-cycle slowing in NC11–13 (Fig. S5).
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are ultrasensitive functions of [A], reflecting Wee1-depen-
dent double-negative feedback, Cdc25-dependent positive
feedback, and APC/C-dependent ultrasensitive negative
feedback, respectively (Fig. 3 A). It is well established
that the checkpoint kinase, Chk1, regulates the Cyc-Cdk1
double-negative feedback and positive feedback regulation
and slows cell-cycle progression as the embryo approaches
the MBT (Fig. 3 A; (38–41)). Together, k�w and k�c were

modeled by k�w ¼ �
aw þbw

Knw
w

Knw
w þ½A�nw

��
1þbf �Chk1Þ and k�c ¼

�
ac þbc

½A�nc
Knc
c þ½A�nc

��
1 � f �Chk1Þ, where f �Chk1 represents Chk1

activity (27,33,34). Measured values of nuclear concentra-
tions of Chk1 remained almost unchanged from NC11
through NC13 (Figs. 3 B and S2), but Chk1 activity must in-
crease to slow the cell cycle at the MBT. We have recently
shown that H3 acts as a competitive inhibitor of Chk1 and
that the decrease in H3 concentrations is crucial for cell-cy-
cle slowing (27). However, it is unclear how dynamics of H3
nuclear import contributes to the H3 regulation of cell cycle.

We have previously shown that the per-nuclear import
rates of H3 in interphase are well recapitulated by what
we referred to as the import-limited regime:

rH ¼ 1

Nn

bImp
Hc

KH þ Hc

;

whereHc represents total cytoplasmic H3 and Nn is the num-
ber of nuclei in the early embryo (25). Again, note that Nn

doubles as the embryo undergoes divisions, and therefore,
per-nuclear import rates halve with each cell cycle. We
also tested whether the nucleus-limited regime could
explain the dynamics of H3 nuclear import, but no param-
eter was found to better recapitulate the experimental data
(Fig. S3; Supporting materials and methods). Total H3 in
the embryo—Htotal ¼ Hc þ Nn � Hn, where Hn indicates to-
tal nuclear H3 in a given nucleus—was approximated to be
constant during the cell cycle (25). The value of KH has been
estimated to be significantly small compared to Htotal, indi-
cating that import rates are saturated until Hc is almost
completely exhausted (25). This is required to recapitulate
the biphasic dynamics of H3 nuclear accumulation at
NC13 (Fig. 1 E). Dynamics of nuclear growth, Cyc-Cdk1-
dependent NEB, and loss of non-DNA-bound H3 in mitosis
were also included in this model to calculate nuclear H3
concentrations, [Hn] (Fig. S4). Finally, we modeled Chk1 in-

hibition by H3 as f �Chk1 ¼ bChk1
1

1 þ ½Hn�=Ki; H3
(27). See Sup-

porting materials and methods for full details of the model.
Simulated time courses of total nuclear H3, nuclear vol-

umes, and Cyc-Cdk1 activity are shown in Fig. 3 C. Nuclear
H3 accumulates almost linearly until either NEB (NC11 and
NC12) or cytoplasmic H3 pools are fully exhausted (NC13),
recapitulating previous observations of H3 nuclear import
(Fig. 1 E). Note that total nuclear H3 and nuclear volumes
4282 Biophysical Journal 120, 4277–4286, October 5, 2021
after NEB are twice as large as their initial values at the
beginning of each cell cycle, reflecting replication of the
genome and H3 inclusion into chromatin. Cell-cycle dura-
tions, as defined by the period of the Cyc-Cdk1 oscillation,
lengthened with each cell cycle, consistent with previous
experimental data (Fig. S5; (15,27,39,42)). Together, our
model quantitatively recapitulates the dynamics of H3 nu-
clear import and its downstream activity, cell-cycle progres-
sion, during early embryogenesis.
Nuclear import results in differential sensitivity to
H3 pool size in each cell cycle

We have previously examined how histone abundance
controls embryonic cell-cycle dynamics using histone
depleted embryos and observed that 60% of histone deple-
tion results in dramatic cell-cycle lengthening in NC13 but
has little effect on early cycles through NC11 (15). To ask
whether histone import could explain the distinct sensitiv-
ities of different cell cycles to changes in histone pool
size, we simulated histone depletion and overexpression
(Fig. 4 A). We found that even 60% of H3 depletion is still
sufficient to saturate nuclear import at NC11 and that the
dynamics of H3 accumulation in NC11 are almost the
same between wild-type (WT) and H3 depletion. Howev-
er, H3-depleted embryos started running out of cyto-
plasmic H3 pools in NC12 and NC13, resulting in
reductions in nuclear H3 and prolonged cell-cycle dura-
tions, consistent with previous experimental observations.
In contrast, we found that histone overexpression does not
dramatically alter dynamics of H3 nuclear import and cell-
cycle durations in NC11 and NC12 and only slightly af-
fects NC13 durations. These simulation results may
explain why histone depletion experiments frequently
show more robust cell-cycle phenotypes than histone over-
expression, although we note that there are also technical
difficulties in substantially increasing histone levels in vivo
because of the large size of the endogenous histone pool
(13,15).

To better understand the relationship between total his-
tone levels and cell-cycle dynamics, we simulated cell-cycle
durations with respect to various sizes of total H3 pools
(Htotal). We found that cell-cycle durations are robust until
the pool size of total H3 falls below a ‘‘threshold’’ (Fig. 4
B). This threshold corresponds to the level at which cyto-
plasmic H3 pools start running out during interphase and
is different for different cell cycles because demand for his-
tones increases with each cycle. Above the threshold, dy-
namics of nuclear H3 levels are the same within the
timescale of early embryonic cell cycles. Thus, nuclear
import sets the lower limit of cell-cycle durations. In the
WT condition, the pool size of total H3 is far from the
NC11 and NC12 thresholds and close to the NC13
threshold, allowing robust and rapid cell cycles in NC11
and NC12 as well as flexibility of the NC13 cell cycle that



BA FIGURE 4 (A) Simulation of H3 depletion (40%

of WT, red lines) and H3 overexpression (200% of

WT, blue lines). Simulated dynamics of nuclear H3

and Cyc-Cdk1 are shown along with WT (gray

dashed lines). Histone reduction barely affects

NC11 durations, slightly lengthens NC12 durations,

and dramatically prolongs NC13 durations. This

behavior is consistent with experimental observa-

tions of histone-depleted embryos (15). By contrast,

cell-cycle durations were mostly unaffected by his-

tone overexpression. (B) Simulated cell-cycle dura-

tions are plotted as a function of total H3 in the

embryo. Note that depletion of more than 60% H3

results in loss of Cyc-Cdk1 oscillations in NC13,

which can be interpreted as premature cell-cycle ar-

rest (15). Simulated embryos show greater sensi-

tivity to histone reduction than overexpression

under this import regime. To see this figure in color,

go online.
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might be beneficial to be prepared for large-scale cell-cycle
remodeling at NC14.
Dilution of H3 nuclear import contributes to both
stepwise and robust cell-cycle slowing

Next, we sought to understand the importance of the pre-
sumably unusual import-limited regime of H3 nuclear
import for cell-cycle control. We analyzed how cell-cycle
dynamics would change with each cell cycle if H3 nuclear
import were described by the nucleus-limited regime, as
was the case for NLS-mRFP (Fig. 5 A). In this ‘‘mutant’’
import model, increasing the number of nuclei with each cy-
cle does not affect import rates from NC11 through NC13
(Figs. 5 B and S6 A). Note that in Fig. 5 B, we used the
parameter value by which the import rate at NC11 is the
same as the import-limited NC11. Therefore, import rates
in NC12 and NC13 were increased by twofold and fourfold
compared to those in the ‘‘WT’’ import-limited model,
respectively. In this regime, the dynamics of H3 nuclear
import in NC11 and NC12 were barely distinguishable
because the pool size of cytoplasmic H3 is too large to
become limiting in NC11 and NC12. Consistent with the
H3 dynamics, we found that the nuclei-limited regime
does not recapitulate the stepwise increase in cell-cycle
durations from NC11 to NC12, and from NC12 to NC13
(Fig. 5 C). Rather, NC12 is equivalent in length to NC11.
Additionally, although this regime resulted in a similar
extent of cell-cycle slowing at NC13 to experimental obser-
vations, NC13 durations become more sensitive to fluctua-
tions in the total H3 pool size, losing robustness. In the
above analysis, we chose the parameter value such that
the import rate at NC11 in the mutant import model corre-
sponds to that of NC11 in the WT model, but the same con-
clusions hold when we matched the import rate at either
NC12 or NC13 to that of the WT import model (Figs. S6
and S7). Together, these results indicate that dilution of
H3 nuclear import due to the import-limited regime is crit-
ical for robust gradual cell-cycle slowing during early
embryogenesis.
DISCUSSION

In the early embryos that rapidly alternate between inter-
phase and mitosis, nucleocytoplasmic partitioning is far
from steady state for most proteins, and the kinetics of nu-
clear import determine transient nuclear composition.
Here, we have investigated the role of nuclear import dy-
namics in the context of early embryogenesis of Drosophila.
We considered two regimes in which either nuclear capacity
or import capacity is limiting and showed that these
mechanisms well recapitulate distinct dynamics of NLS-
mRFP, which accumulates more in late cycles, and histone
H3-Dendra2, which becomes diluted with each cycle.
Importantly, these distinct dynamics can arise from only a
difference in the nuclear import regime and the timescale
of import and do not require cargo-specific active regula-
tion. Using an integrative model for H3 nuclear import
and cell-cycle control, we showed that dilution of H3 nu-
clear import contributes to the stepwise regulation of cell-
cycle durations as well as its robustness. Together, this study
defines the critical role of nuclear import dynamics in early
embryogenesis.

In the pre-MBT cell cycles, nuclei proceed to mitosis
before nuclear growth reaches steady state, suggesting that
the timescale of bulk nuclear import is slower than the time-
scale of the cell cycle. For relatively slow import cargos, ef-
fects of the different import regimes on the dynamics of
nuclear accumulation becomes pronounced (Fig. 2). How-
ever, some nuclear proteins are imported much more rapidly
than bulk nuclear proteins. For example, the transcription
factor, Bicoid, reaches steady state within minutes into a
given nuclear cycle (36,43). Another example of rapid nu-
clear import is the pioneer factor, Zelda (44), which binds
Biophysical Journal 120, 4277–4286, October 5, 2021 4283
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FIGURE 5 (A) Schematic of the model for nucleus-limited H3 nuclear

import and cell-cycle regulation. Unlike the import-limited model in

Fig. 3 A that is consistent with experimental data, we assumed that the

import rate of H3 does not depend on the number of nuclei, as was the

case for NLS-mRFP (Fig. 1 D). (B) Simulated dynamics of H3 nuclear

import with the parameter value by which rate of nuclear import at NC11

is the same as the import-limited model. Because there is no dilution

over nuclei, import rates in NC12 and NC13 are increased by twofold

and fourfold compared with those in the original import-limited model

(Fig. 3), respectively. (C) Simulated cell-cycle durations as a function of to-

tal H3 in the embryo with the parameter value used in Fig. 5 B. Note that

data for NC11 correspond to data for NC11 in Fig. 4 B.

Shindo and Amodeo
to thousands of sites in the genome as early as at NC8
(45,46). For transcription factors such as Bicoid and Zelda,
the speed of import may be more important than the specific
import regime, as steady-state concentrations are likely to
be more robust in patterning the correct spatial and temporal
expression of target genes. It will be of interest to find
whether and how dynamics of nuclear import behavior
may link to the function of the cargo.

The specific molecular underpinnings of the observed
different behaviors between nucleus-limited cargos (e.g.,
NLS-mRFP) and import-limited cargos (e.g., H3) require
further study. One strong candidate for the nucleus-limited
regime is the number of NPCs that act as the gates for nuclear
transport. NPCs are preassembled in the endoplasmic reticu-
4284 Biophysical Journal 120, 4277–4286, October 5, 2021
lum membrane sheets called annulate lamellae and are
supplied to the nuclear envelope,maintainingNPC concentra-
tions on the nuclear membrane even in the rapidly dividing
embryo (47). Therefore, the number of NPCs likely remains
relatively fixed for a given nucleus and increases embryo
wide as more nuclei are made. For the import-limited regime,
any component that defines import capacity for the cargo
could become limiting, for example, karyopherins (Kaps).
Eukaryote genomes encode tens of Kaps: at least 14 in yeast,
16 in Drosophila, and 20 in humans (48,49). Different Kaps
prefer specificNLSs, althoughmany cargos can be recognized
bymultipleKapswithdifferent binding affinities (50).Expres-
sion levels of differentKapsdiffer byat least eightfold inyeast,
and both Kap concentrations and binding affinities of Kap-
cargo pairs affect import rates (51). It may be that differences
in a cargo dependency on import pathways contribute to
distinct regimes of nuclear import behavior. Understanding
the relationship between these quantitative parameters and
the behaviors of nuclear import dynamics is of high impor-
tance for a full quantitative understanding of nuclear state
changes during early development.
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