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SUMMARY
Extracellular-signal-regulated kinase (ERK) signaling controls development and homeostasis and is geneti-
cally deregulated in human diseases, including neurocognitive disorders and cancers. Although the list of
ERK functions is vast and steadily growing, the full spectrum of processes controlled by any specific ERK
activation event remains unknown. Here, we show how ERK functions can be systematically identified using
targeted perturbations and global readouts of ERK activation. Our experimental model is the Drosophila em-
bryo, where ERK signaling at the embryonic poles has thus far only been associated with the transcriptional
patterning of the future larva. Through a combination of live imaging and phosphoproteomics, we demon-
strated that ERK activation at the poles is also critical for maintaining the speed and synchrony of embryonic
cleavages. The presented approach to interrogating phosphorylation networks identifies a hidden function of
a well-studied signaling event and sets the stage for similar studies in other organisms.
INTRODUCTION

A genetic approach to developmental signaling most commonly

starts with a morphological defect caused by the disruption of

one component. An epistasis analysis then follows to construct

a circuit by which a signaling event is causally linked to a devel-

opmental outcome. This powerful approach has led to the dis-

covery of most ligands, receptors, and intracellular proteins

that control tissue patterning, growth, and morphogenesis.1–3

This strategy, however, relies on examining the effects of genetic

perturbations several steps after a signaling event has occurred.

Consequently, the circuits emerging from genetic studies may

lack key components, especially those that control ubiquitously

used cellular processes. Here, we show how the genetics-based

circuitry can be systematically augmented using global analysis

of short-term biochemical effects of optogenetic perturbations.

We illustrate this approach by identifying a hitherto hidden func-

tion for a signaling event in the Drosophila embryo.4,5

Most animals start their development with a series of rapid

mitotic divisions, during which the large egg is progressively par-

titioned into smaller and smaller cells.6 These cleavage divisions

ensure efficient generation of a large number of zygotic genomes
Developmenta
All rights are reserved, including those
that are placed in cells with normalized ratios of nuclear and

cytoplasmic volumes and can proceed to realize their species-

specific developmental potential.7 Some of the fastest embry-

onic cleavages have been observed in embryos of Drosophila

melanogaster, where 13 successive division cycles are

completed within just 2 h of fertilization, before the major wave

of zygotic gene activation and formation of the cell membranes.

The first seven cleavages are accompanied by self-organized

cytoplasmic flows that spread the nuclei along the anteroposte-

rior axis of the egg.8,9 After the next two cycles,most of the nuclei

are found under the common plasma membrane, where they

divide fourmore times, generating a blastodermwith�6,000 uni-

formly distributed nuclei.

The first nine cleavages are fast and synchronous, with mini-

mal differences in the timing of mitotic entry across the embryo.

The last four divisions, however, are characterized by progres-

sive slowing down and loss of synchrony, withmitotic entry start-

ing at the embryonic poles and spreading toward the middle of

the embryo.10 Although the deceleration of the cleavages has

been conclusively linked to the activation of the DNA damage

checkpoint pathway,9,11 the cause of advanced mitotic entry at

the poles remained unknown, even though the effect was already
l Cell 59, 3061–3071, December 2, 2024 ª 2024 Elsevier Inc. 3061
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noted in early studies of embryonic cleavages.6,12–14 Below, we

propose a plausiblemodel for this effect and test it using genetic,

imaging, and phosphoproteomic experiments.

RESULTS

Terminal ERK signaling is required for synchrony of late
cleavage divisions
Because mitotic entry is universally controlled by the kinase ac-

tivity of the CyclinB/Cyclin-dependent kinase 1 (CDK1) complex

(henceforth, just CDK),15 the cause for advanced mitotic entry at

the poles can be sought in the additional positive input into CDK

activation at the embryo’s terminal regions.When combinedwith

the self-amplifying nature of CDK activation and diffusion in the

syncytium, such region-specific positive control of CDK could

explain the observed initiation of mitotic waves at the termini

and subsequent propagation through the blastoderm16 (Fig-

ure 1A). Studies in Xenopus embryos and mammalian cells

have established that CDK activity could be positively regulated

by the highly conserved extracellular-signal-regulated kinase

(ERK).17 ERK and Cdk1 phosphorylates Cdc25 threonine 138

in Xenopus (serine 76 in flies and threonine 130 in humans),

thereby activating the Cdc25 phosphatase, which is, in turn,

essential for reversing the inhibitory phosphorylations of the

highly conserved threonine and tyrosine residues in CDK

(Figure 1B).

Interestingly, ERK is activated at the poles of the fly embryo at

the time of the last four syncytial cleavages, suggesting that it

might be involved in the initiation of mitotic waves at the poles

(Figure 1C). ERK activation at the poles is caused by the spatially

restricted signaling through Torso, a uniformly expressed recep-

tor tyrosine kinase that is stimulated by its locally processed

ligand trunk.18 Thus far, Torso-dependent ERK signaling has

been linked only to the transcriptional patterning of the blasto-

derm. Based on the spatiotemporal correlation between the

advanced mitotic entry and ERK activation at the poles, we hy-

pothesized that terminal ERK signaling has an additional role in

regulating the embryonic cleavages.

As a first step in testing this hypothesis, we analyzed the ef-

fects of disrupting ERK activation throughout the embryo. A

maternal Gal4 driver was used to express an RNAi construct

directed against mitogen-activated protein kinase (MEK), a ki-

nase that induces the enzymatic activity of ERK by phosphory-

lating a tyrosine and threonine residue within its activation

loop.19 The efficiency of this perturbation is demonstrated by

complete loss of dually phosphorylated ERK (dpERK) at the

poles, strong embryonic lethality, and complete loss of the non-

segmented terminal regions of the larva, which are known to

depend on terminal ERK signaling5 (Figures 1D and S1A). In

addition to examining fixed embryos and larval cuticles, we

used live imaging of embryos with fluorescently tagged

S-phase Cyclin, Cyclin E (CycE-sfGFP20) to examine the poten-

tial effects of disrupted ERK activation on the embryonic

cleavages.

Uniform disruption of ERK activation in the early embryo

caused significant lengthening of the last two cleavages, with

the median durations of each of the last two cycles increasing

by �4 min (Figure 1E). This effect was observed with two inde-

pendent MEK RNAi constructs (Figure 1E) and is readily visible
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(Figures S1B and S1C; Video S1), with a single propagating

wave instead of the normal pattern with two fast waves origi-

nating from the poles (Figure S1D). Thus, in addition to the local-

ized effect at the poles, where ERK signaling patterns the non-

segmented terminal regions of the future larva,5 ERK signaling

also controls the spatiotemporal pattern of mitotic cleavages.

Consistent with this conclusion, we found that the normal pattern

of inward-propagating mitotic entry was disrupted in embryos

that lack trunk, which is essential for ERK activation at the

poles.21 Propagating waveswere still observed, but could some-

times initiate away from the poles and lacked the one-dimen-

sional character seen in wild-type (WT) embryos (Figure S1D).

Localized ERK activation can trigger mitotic entry
The above results suggest that Torso-dependent ERK activation

acts as a pacemaker of the later syncytial cleavages, when the

mitotic oscillator is slowed down by the activation of the DNA

damage checkpoint pathway.6,12,13 To test whether localized

ERK signaling is not only necessary but also sufficient for trig-

gering mitotic entry in cleavage-stage embryos, we used the op-

toSos system for rapid ERK activation independently of extracel-

lular signals.22 This approach relies on the blue-light-dependent

membrane recruitment of the catalytically active form of Sos, a

guanine nucleotide exchange factor that triggers a cascade

leading to ERK activation (Figure 2A, left). Recent studies have

demonstrated that such optogenetic activation of ERK can fully

substitute the effects of trunk-dependent Torso signaling.23 We

therefore tested whether an additional light-induced center of

ERK activation can act as an origin of mitotic entry (Figure 2A,

middle). In these experiments, the components of the optoSos

system were introduced into embryos expressing histone-

mIFP, which illuminates chromatin morphology (Figure 2A, right).

We found that a spatial pulse of ERK activation positioned in

the middle of the anteroposterior axis serves as a robust source

of mitotic entry, generating a pattern that differs from what is

observed in normal embryos (Figures 2B and 2C; Video S2). Op-

togenetic ERK activation could induce mitotic entry only in the

last two cleavages. Longer oscillation periods create more po-

tential for mitotic asynchrony across the embryo. Thus, we sug-

gest that ERK is needed for orchestrating mitotic entry during the

later cycles, when free running mitotic oscillators are slowed

down by the checkpoint pathway.11,24

What can be the mechanism connecting active ERK to

mitotic entry? One possible connection, already mentioned

above, could rely on the ERK-dependent control of CDK1 via

phosphorylation of Cdc25. This would suggest that Drosophila

Cdc25 proteins are phosphorylated by ERK, which is certainly

possible given that two Cdc25 proteins are expressed and

functional at this stage of development.25–27 A more complex

mechanism is also possible because ERK can phosphorylate

other proteins involved in the processes leading to and accom-

panying mitosis, such as spindle formation and nuclear enve-

lope breakdown.28,29

ERK activation triggers rapid phosphoproteomic
response
As an unbiased approach for probing such connections, we

analyzed global changes of protein phosphorylation triggered

by acute ERK activation. First, we found that a 10-min pulse of



Figure 1. Terminal ERK signaling is required for synchrony of late cleavage divisions

(A) Schematic of initiation of mitotic waves at the termini (left to right). Interphase and mitotic-phase nuclei are labeled as blue and yellow, respectively.

(B) D. melanogaster Cdc25 SP site with the best alignment to a known and functionally relevant ERK target site from X. laevis (T138, in bold).

(C) Left, schematic of early fly embryo development showing the timing and location of the Torso-dependent ERK signaling (red). Right, representative image of a

wild-type NC14 embryo. Scale bars, 100 mm.

(D) dpERK profiles from immunofluorescence (IF) images from the wild-type (n = 12) and Mek-RNAi1 (n = 20) embryos. Error bars denote standard error of

the mean.

(E) Mean cell-cycle times from mCherry-RNAi (control, n = 7), Mek-RNAi1 (n = 5), Mek-RNAi2 (n = 6), and Torso-RNAi (n = 6) embryos.

Data are represented as mean ± SEM. p values were obtained by Student’s t test (two-sided, homoscedastic): ***p < 0.001, **p < 0.01, *p < 0.05, NS: p > 0.05.

See also Figure S1 and Video S1.
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optoSos stimulation establishes a signaling state where the

entire embryo is exposed to the level of ERK activation that is

normally restricted to the poles (Figures 3A, S2A, and S2B).

Next, we used quantitative phosphoproteomics to compare

abundances of phosphopeptides in 10-min-light-stimulated

and control embryos (Figures 3B and 3C; Table S1). Consistent

with the large increase of the dpERK signal detected by antibody

staining of fixed embryos, our phosphoproteomic data revealed

a large increase in the abundance of phosphopeptides from

the ERK activation loop (Figure 3D). We also detected an

increased abundance of phosphopeptides from capicua (Cic),
an ERK substrate that is essential for patterning effects of

Torso32–34(Figure 3D).

A large group of proteins responds similarly to ERK and Cic.

One of these proteins was Cdc25 (String [Stg]), which showed

a clear increase in the abundance of the phosphosite S76/S80,

corresponding to T138 in Xenopus Cdc25, that was identified

by studies of the ERK-dependent control of its phosphatase ac-

tivity17 (Figures 3C and 3D). Consistent with these changes in the

phosphorylation status of Cdc25, we detected a significant

decrease in the phosphorylation of the inhibitory phosphosites

of CDK1 (T14 and Y15) (Figure 3C). Because these sites are
Developmental Cell 59, 3061–3071, December 2, 2024 3063



Figure 2. Localized ERK activation can trigger mitotic entry in the syncytial embryo

(A) Schematic of the optogenetic system for ERK activation. The embryo was illuminated from NC11 in a 20-mm stripe generated by a digital mirror device. The

illuminated region is marked by blue from the top view of the embryo. Right: z stacks were obtained every 6 s and interphase andM-phase nuclei were marked by

histone-mIFP.

(B) Still images from time-lapse imaging of wild-type or optoSos embryos. Interphase and M-phase nuclei were marked by yellow and blue, respectively. Scale

bar, 50 mm. The dotted box indicates the illuminated region.

(C) A kymograph of the nuclear phase along the anterior-posterior axis of embryos from (B). Dotted lines indicate the mitotic entry front. The red box shows the

width (20 mm) of the illuminated region.

See also Video S2.
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phosphorylated by the Wee1 kinase and dephosphorylated by

Cdc25, the net decrease of their abundance could come from

the increased phosphatase activity of Cdc25 and from the

decreased kinase activity of Wee1, which is known to be in-

hibited when phosphorylated by CDK1. Consistent with this,

we found a significant increase in the inhibitory phosphorylation

of Wee1 (Figures 3C and 3D).35
3064 Developmental Cell 59, 3061–3071, December 2, 2024
Thus, the Cdc25/Wee1/CDK1 circuit, whichmediates irrevers-

ible mitotic entry in a wide range of cell types, can be positively

regulated by ERK signaling in the early embryo. This conclusion

is further supported by the phosphoproteomic response of em-

bryos that received an even shorter, 3-min pulse of optoSos acti-

vation. Analysis of this response showed a striking increase in

Cdc25 phosphorylation on the same site discussed previously,



Figure 3. Optogenetic ERK activation triggers rapid phosphoproteomic response

(A) dpERK profiles from the wild-type embryos (n = 15) and optoSos-expressing embryos exposed to either no blue light (n = 11, left) or 10min of blue light (n = 18,

right). Error bars denote standard error of the mean. Representative IF images of optoSos embryos illuminated with 0 or 10 min blue light are shown below their

respective profiles.

(B) Sample preparation workflow for phosphoproteomics.

(C) Top: volcano plot depicting phosphosites changing in response to 10 min of optoSos activation. Sites were scored for matches to the ERK2 phosphorylation

site.30 Those that matched with ERK2 andwhose parent protein had at least one ERK docking site31 are highlighted in magenta. Sites on ERK, Cdc25, Wee1, and

Cdk1 are highlighted in yellow. p values are Benjamini-Hochberg adjusted. Bottom: a one-sided Fisher’s exact test was used to evaluate the significance of the

proportion of ‘‘motif + docking site’’ sites in upregulated and downregulated quadrants.

(D) MS3 spectra for the dpERK peptide, five CIC phosphopeptides, and peptides from Cdc25 and Wee1. The spectra show the relative abundance changes of

peptides via the TMTpro reporter ions.

See also Figures S2 and S3 and Table S1.
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as well as downregulation of CDK1’s inhibitory sites (Figure S2C;

Table S1). Because the early fly embryo is a syncytium where

nearby regions are coupled by diffusion and other transport

mechanisms, the ERK-dependent induction of the state of high

CDK1 activity can trigger propagation of this state through the

embryo from the site of ERK activation (Figure 1A).

Synchrony of cleavages is disrupted by alanine
substitutions of Cdc25 phosphosites
As phosphoproteomic experiments suggest that Cdc25 (Stg) is a

direct target of ERK activation, we sought to investigate the ef-

fects of ERK-dependent phosphosites in Stg by expressing an

alanine-substituted mutant in vivo. We have identified four ser-

ines (S68, S76, S80, and S217) in Stg as high-confidence ERK-

dependent phosphosites from our phosphoproteomics data

(Figure 4A; Table S1). Based on this, we hypothesized that a

mutant form of StgS68A, S76A, S80A, and S217A (Stg-4A) would

slow down cell-cycle progression in the early embryo.

To test this hypothesis, we first synthesized Stg-WT and Stg-

4A mRNA by in vitro transcription and microinjected the mRNA

into 0- to 30-min-old histone-mIFP embryos through the poste-

rior (Figure 4A). Time-lapse imaging shows that 62.5%of the em-

bryos (n = 8) injected with Stg-WT undergo one extra mitosis in

either the whole embryo or in the posterior region (Figure 4B;

Video S3). This is consistent with the notion that Stg acts as a

limiting component that promotes cell-cycle progression by acti-

vating CDK1.25,37 In contrast, in a third of embryos (n = 6) in-

jected with Stg-4A, the mitotic waves from both poles slowed

down and failed to spread across the entire embryo, leaving

the nuclei arrested in interphase of NC12 or NC13 (Figure 4C;

Video S3).

Given that many factors, including the amount of RNA and the

injection positions, could contribute to the outcome of this injec-

tion experiment, localized expression of Stg transgene in the

posterior of the embryo could be a less invasive way of testing

whether the alanine-substituted mutant form of Stg modulates

cell cycles. To achieve this, we expressed Stg-WT or Stg-4A

with nos 50 UTR and nos 30 UTR under the control of the nos pro-

moter (Figure 4D). The nos mRNA localizes at the posterior pole

of the embryo and functions as a posterior determinant.38

Adding the nos 30 UTR to our Stg variants localizes them to the

posterior pole of the embryo (Figure 4D).

Most embryos (80%, n = 15) derived from mothers with two

copies of the Stg-WT transgene exhibited normal nuclear cycles

and gastrulation (Figure 4E; Video S4). In contrast,�40% of Stg-

4A embryos formed a successful blastoderm and gastrulated
Figure 4. ERK-dependent phosphorylation of Cdc25 (Stg) modulates m
(A) Left: schematic of the Stg expression constructs for the mRNA injection expe

(B and C) Still images from time-lapse imaging of embryos (Video S3) injected wit

boundary between NC14 and NC15. (C) Red dotted lines denote the boundary b

(D) Schematic of constructs for experiments with the posteriorly targeted Stg. Rig

embryo.

(E and F) Still images from time-lapse imaging of embryos (Video S4) laid by fem

dotted line denotes the boundary between NC13 and NC12.

(G) Regulators of nuclear envelope breakdown andmitotic spindle assembly exhib

are based on The Cell Cycle: Principles of Control.15 Gene Ontology (GO) en

g:Profiler.36 p values are Benjamini-Hochberg adjusted.

(H) A revised model for the biological effects of the first wave of ERK activation i

See also Table S1 and Videos S3 and S4.
(n = 13). Interestingly, the rest of Stg-4A embryos either failed

to form a blastoderm or exhibited nuclear cycles that lagged at

the posterior region (Figure 4F; Video S4). Thus, posteriorly ex-

pressed Stg-4A is sufficient to delay nuclear-cycle progression.

Taken together, these results show that ERK-dependent phos-

phorylation of Stg promotes the induction and propagation of

mitotic entry.

Computational analysis indicates distributed control of
embryonic cleavages by ERK
As tempting as it may be to assign the observed effects to the

extensively studied Cdc25/Wee1/Cdk1 circuit,15,39,40 it is likely

to be only part of the whole story. For instance, our phosphopro-

teomic data suggest that ERK signaling is connected to other

critical events of the cell cycle, such as nuclear envelope break-

down and kinetochore attachments (Figure 4G).41,42 Bio-

informatic analysis also suggests a widespread phosphoproteo-

mic response.

ERK recognizes its substrates by interacting with their linear

phosphorylation motifs and distal docking sites.31,43 Consistent

with this, the upregulated phosphoproteome, following 10min of

optoSos activation, was significantly enriched for proteins phos-

phorylated on ERK consensus motifs and containing docking

sites (Figure 3C; Table S1). Among such proteins are several

known ERK substrates, such as Nup153, which forms part of

the nuclear pore complex and whose phosphorylation reduces

its affinity for importin44; MED1, a subunit of the transcriptional

coactivator mediator and whose phosphorylation promotes

its interaction with the mediator complex45; and stathmin

(STMN1), whose effects on microtubule dynamics are modu-

lated upon phosphorylation.46 However, many of the phospho-

sites (1,028 out 1,181) upregulated by a pulse of optoSos

come from proteins that do not meet the criteria above (ERK

phosphorylation motif and a docking site). Moreover, 178 phos-

phosites were significantly reduced in abundance, similar to

what we have already demonstrated for the inhibitory sites in

Cdk1 (Figure 3C). Thus, a significant fraction of these phosphor-

ylation changes appear to be due to the indirect effects of ERK

activation.

We used a computational strategy to assess the effects of

additional phosphoregulators. This strategy is based on the

phosphorylation site position weight matrices (PWMs) of human

Ser/Thr kinases30 (Figure S3A). We focused on the cytoplasmic

Ser/Thr kinases expressed in nuclear cycle 14 Drosophila em-

bryos (Table S1) and matched their PWMs to all the phospho-

sites (up/downregulated and static) in our data. Following the
itotic entry
riments. Right: image showing the injection position.

h Stg-WT or Stg-4A mRNA. Scale bars, 50 mm. (B) Red dotted line denotes the

etween NC14 and NC13; red arrows indicate NC12 nuclei.

ht: schematic of the localized expression of Stg variants in the posterior of the

ales with two copies of nos:Stg-WT or nos:Stg-4A. Scale bars, 50 mm. (F) Red

it phosphorylation changes following 10min optoSos. Regulatory relationships

richment analysis of the parent proteins of upregulated phosphosites using

n Drosophila.
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approach described elsewhere,30 this analysis revealed 3,796

high-quality matches to at least one of the 56 expressed kinases

(Figure S3B). Next, we established that the activities of at least

half of these kinases are significantly enriched over the back-

ground model of the predicted targets within the possible phos-

phoproteome derived from expressed proteins at this point in

embryogenesis (Figure S3C).

Although ERK was among the list of kinases with enriched

activity, its rank (11) was not as high as those of CDK1 (rank

1), a kinase that controls mitotic entry, and CDK7 (rank 4), a

kinase that is involved in transcription initiation (Figure S3C).

The high activity of these kinases is not surprising, since the

embryo is completing rapid cleavage divisions and is about

to start a major wave of zygotic gene activation. Finally, we

asked which kinases’ activities are significantly perturbed by

activating optoSos (Figure S3D). Once again, ERK was not

the only kinase that appeared to be activated by optoSos.

The other significantly affected kinases include those that

control cell cycle (CDK6), DNA damage responses (VRK1

and CHK2), transcription (CDK7, CDK8, and CDK9), and cell

growth and metabolism (LKB1, p70S6K, and PAK1). These re-

sults offer a glimpse of a complex phosphoregulation network.

DISCUSSION

Our results reveal that functional effects of the first pulse of ERK

signaling in the embryo are broader than the spatially restricted

control of genes needed to form the terminal structures of the

larva. In addition to acting through a handful of transcription fac-

tors identified by genetic studies, ERK activation at the poles is

rapidly broadcast to the entire embryo through a vast network

that includes both direct ERK substrates and phosphorylation

cascades (Figure 4H). Although many of the candidate effectors

responding to our optogenetic stimuli have been studied in

cultured cells,28,29 our work sets the stage for dissecting their in-

dividual and collective functions in a developmental context. As

a first step in this direction, we used ectopic optogenetic activa-

tion and traditional loss-of-function approaches to demonstrate

that ERK signaling at the poles ensures sychrony of embryonic

cleavages.

The presented approach to functional analysis of phosphor-

ylation networks should be applicable to a wide range of devel-

opmental and physiological contexts. To make the most of the

emerging datasets, comprising large-scale changes in the

abundance of phosphosites, it is critical to establish tools for

delineating causal connections in phosphorylation networks.47

The scale of the problem can be appreciated by considering the

phosphoproteome of our experimental system, the fly embryo

at the end of cleavage divisions, when about a third of the ex-

pressed proteins are phosphorylated, with some proteins car-

rying dozens of phosphosites. The first task is to understand

how the observed phosphoproteome is established by the ex-

pressed kinases and phosphatases. Although recent assembly

of kinase specificity matrices and docking sites provides an

important component in completing this task,30,31 it remains

difficult to differentiate the targets of closely related kinases

and to validate the large-scale predictions of the causal

enzyme/substrate connections.28 This task can be accom-

plished by analyzing how the phosphoproteome responds to
3068 Developmental Cell 59, 3061–3071, December 2, 2024
acute perturbations of network components. Rapid progress

of optogenetics that enables the delivery of increasingly pre-

cise stimuli should ultimately reveal how large-scale phosphor-

ylation networks respond to both external cues and mutations.

Limitations of the study
In our phosphoproteomic experiments, SPS-MS3 data-depen-

dent acquisition is inherently limited to detection of relatively

high-abundance peptides, therefore missing lower-abundance

phosphopeptides that may be differentially regulated between

our samples. Another factor impacting depth is the challenge

of collecting large numbers of embryos while adhering to the

timing constraints of acute optogenetic treatments. Moreover,

while our results suggest that ERK promotes mitotic entry, our

bioinformatics analysis using kinase specificity matrices showed

that Cdk1 activity was not significantly increased by optoSos.

The similarities between ERK and Cdk1 consensus motifs

pose a challenge in assigning phosphosites to one kinase or

the other.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Donkey anti sheep, Alexa-488 Thermo Fisher Scientific Cat # A-11015; RRID: AB_2534082

Phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204) Cell Signaling Technology Cat # 4370; RRID: AB_2315112

Donkey polyclonal anti-rabbit Alexa 568 (1:500) Invitrogen Cat#A10042; RRID: AB_2534017

GFP sheep antibody Bio-Rad Cat # 4745-1051; RRID: AB_619712

Chemicals, peptides, and recombinant proteins

Protease inhibitor cocktail Roche Cat#4693124001

PhosSTOP phosphatase inhibitor cocktail Roche Cat#4906837001

Lysyl Endopeptidase, mass

spectrometry grade (Lys-C)

Wako Chemicals Cat#125-05061

Sequencing grade modified Trypsin Promega Cat#PAV5113

TMTpro 16-plex Thermo Fisher Scientific Cat#A44520

DAPI Invitrogen Cat#D1306

Methanol VWR Cat#BDH1135

37% Formaldehyde solution Fisher Scientific Cat#F79-1

Heptane Sigma Cat#32287

PBS Fisher Scientific Cat#BP2944

Triton X-100 Fisher Scientific Cat#X100

Tween-20 Sigma Cat#P1379

Critical commercial assays

Q5 site-directed mutagenesis kit NEB #E0554S

NEBuilder� HiFi DNA Assembly Master Mix NEB #E2621S

HiScribe ARCA mRNA kit NEB #E2060S

high pH reversed-phase peptide fractionation kit Pierce #84868

Deposited data

Raw and processed mass

spectrometry proteomics data

This paper ProteomeXchange: PXD043371

The Kinase Library Johnson et al.30 https://kinase-library.phosphosite.org

Experimental models: Organisms/strains

D. melanogaster: HisGFP Bloomington Drosophila Stock Center Cat#5941

D. melanogaster: y[1] w[1118] Bloomington Drosophila Stock Center Cat#6598

D. melanogaster: UAS-optoSOS Johnson et al.48 N/A

D. melanogaster: CycE-sfGFP Doherty et al.20 N/A

D. melanogaster: mCherry-RNAi Bloomington Drosophila Stock Center Cat#35781

D. melanogaster: MTD-gal4 Bloomington Drosophila Stock Center Cat#31777

D. melanogaster: MEK-RNAi1 Bloomington Drosophila Stock Center Cat#35216

D. melanogaster: MEK-RNAi2 Bloomington Drosophila Stock Center Cat#34830

D. melanogaster: 67;15 Bloomington Drosophila Stock Center Cat#80361

D. melanogaster: his-miFP Bloomington Drosophila Stock Center Cat#95105

D. melanogaster: nos:Stg This study N/A

D. melanogaster: nos:Stg4A This study N/A

Oligonucleotides

primer1 stg2pnosXnos_F gtaactttcgacccggattttcgcc

ATGCTGTGGGAAACTATTGTG

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

primer2 stg2pnosXnos_R gcctctgctccagagctggattcgc

CTACAGCATCAGTCGCGAG

primer3 pnosXnos_F GCGAATCCAGCTCTGGAG

primer4 pnosXnos_R GGCGAAAATCCGGGTCGAAAG

primer5 stg_S68A_S76A_S80A_F tgctcgcgccggagggcgcg

CCCCAGCGCTTCCAG

primer6 stg_S68A_S76A_S80A_R gacccatcagctccggagc

GGCCGATCGCTGCTG

primer7 stg_S217A_F GGCCAACTGCgcgCCCATCCAGA

primer8 stg_S217A_R GATGCTGGCGGTTCCGGG

primer9 Stg_tubUTR_F tggatcccccgggctgcaggcaac

ATGCTGTGGGAAACTATTGTG

primer10 Stg_tubUTR_R ggcgcgacgcttagttatcg

CTACAGCATCAGTCGCGAG

Recombinant DNA

BS09140 DGRC DGRC_1633394

pBS-PnosGFP Elizabeth R. Gavis N/A

pBS-SK(+)-ta3’UTR Elizabeth R. Gavis N/A

Software and algorithms

Fiji Schindelin et al.49 http://fiji.sc

MATLAB Mathworks https://www.mathworks.com

RStudio Posit https://posit.co/download/

rstudio-desktop/

Python 3.10.7 Python Software Foundation https://www.python.org/downloads/

release/python-3107/

Interphase and M-phase classification This study DOI: https://doi.org/10.5281/

zenodo.12832660

Inferring kinase activity This study DOI: https://doi.org/10.5281/

zenodo.12837893
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Drosophila strains
Fly stocks were maintained under standard conditions and all crosses were performed at 25�C except the crosses for RNAi exper-

iments were kept at 27�C. y[1]w[ 1118] (yw) (Bloomington #6598), HisGFP (Bloomington #5941), UAS-optoSOS,48 CycE-sfGFP,20

mat67 (Bloomington #80361), his3.3-mIFP (Bloomington #95105), mCherry-RNAi (Bloomington #35785), MTD-gal4 (Bloomington

#31777), MEK-RNAi1 (Bloomington #35216), MEK-RNAi2 (Bloomington #34830), ovoD1(Bloomington #1813), torso-RNAi (Blooming-

ton #58312), mekLH110, trk2 and trk3 (gifts from Trudi Sch€upbach) lines were used in this study.

METHOD DETAILS

Embryo collection
For optoSOS experiments, crosses between female UAS-optoSOS flies and MTD-gal4 males were protected from room light. To

collect embryos for phosphoproteomics or immunostaining, progenies of UAS-optoSOS flies and MTD-gal4 males were kept in ca-

ges with apple juice agar plates. 0-1 h old embryos were dechorionated with 50% bleach for 2 min. Dechorionated embryos were

washed with water, and dried briefly. Half of the embryos were incubated in the dark for 2 h. The other half were incubated in the

dark for 110 or 117 min, then illuminated with blue LEDs in an aluminum foil box for 10 min or 3min. After illumination, the embryos

were flash frozen in liquid nitrogen for phosphoproteomic experiments, or fixed for immunostaining.

Immunostaining
dpERK antibody staining protocol was performed as described previously by Goyal et al.51 Rabbit anti-dpERK (1:100; Cell Signaling

Technology #4370S) was used as primary antibody. DAPI (1:10000; Molecular probes #D1306) was used to stain for nuclei, and

donkey anti rabbit Alexa-568 (1:500; Invitrogen #A-10042) was used as secondary antibody.
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Cloning and making transgenic flies
The plasmid pBS-Pnos-Stg-WT was created by substituting the GFP-nos coding region by the Stg CDS. In brief, full-length stg CDS

was PCR amplified from BS09140 (DGRC Stock 1633394; https://dgrc.bio.indiana.edu//stock/1633394; RRID:DGRC_1633394) us-

ing primers (1) and (2). The pBS-Pnos backbone fragment was PCR amplified from the pBS-PnosGFP plasmid38 using primers (3) and

(4). Then the Stg fragment and pBS-Pnos backbone fragment were used to generate pBS-Pnos-Stg-WT by two-piece Gibson assem-

bly (NEB #E2621S). Then Q5 site-directed mutagenesis kit (NEB #E0554S) was used to generate pBS-Pnos-Stg-4A using primers (5)

and (6), and primers (7) and (8). For creation of the transgenic flies expressing Stg-WT and Stg-4A, the pBS-Pnos-Stg-WT and pBS-

Pnos-Stg-4A were injected into flies containing the attP site VK02 (BDSC #9723). Transgenesis was conducted by BestGene Inc.

Preparation of RNAs and Microinjection
Stg-WT and Stg-4A fragments were PCR amplified from pBS-Pnos-Stg-WT and pBS-Pnos-Stg-4A plasmids generated above using

primers (9) and (10). Then the PCR fragments were inserted into the EcorRI site of pBS-SK(+)-ta3’UTR plasmid containing the tubulin

3’UTR sequence52 to generate the pBS-SK-Stg-WT-tub3’UTR and pBS-SK-Stg-4A-tub3’UTR. For in vitro transcription, PCR frag-

ments containing T3 promoter, Stg CDS variants (WT or 4A) and tubulin 3’UTR were amplified from pBS-stgWT-tub3’UTR or pBS-

stg4A-tub3’UTR plasmid. Then, these PCR fragments were used as templates to synthesize mRNA for microinjection using T3 RNA

polymerase (NEB #M0378S) and reagents from HiScribe ARCA mRNA kit (with tailing) (NEB #E2060S) following the manufacturer’s

instructions. Synthesized mRNA was precipitated and resuspended in nuclease-free water at 0.5 mg/mL.

his3.3-mIFP Embryos were collected on apple juice plates for 0.5 hr, hand-dechorionated, transferred to a coverslip with heptane

glue, desiccated, and placed in Halocarbon oil 200. Embryos were then injected from the posterior with 1 pL of Stg-WT or Stg-4A

mRNA at 0.5 mg/mL.

Microscopy
Fixed imaging for dpERK antibody staining was performed with an upright Leica SP5 confocal microscope with 203 air objectives

using an argon ion laser and 405-nm and 561-nm lasers. For dpERK quantification, UAS-optoSOS embryos were mounted on the

same slide with HisGFP embryos, and imaged at the midsagittal plane. dpERK quantification was described previously by Goyal

et al.51

Embryonic cuticle preparation was described previously by Goyal et al.51 Embryos were aged more than 24 hours before being

dechorionated with 50% bleach. Then the embryos were shaken in methanol and heptane (1:1) and incubated in a media containing

lactic acid and Hoyer’s media at 65�C. Embryos were imaged on a Nikon Eclipse Ni in darkfield.

Live imaging for optoSOS; his3.3-mIFP was performed on a Nikon A1 RS confocal microscope with a 203 air objective using an

633-nm laser. Embryos frommat67/optoSOS; his3.3-mIFP/+ mothers were dechorionated with 50% bleach for 2 min, then mounted

in water on a 35mmcoverslip dish (MatTek). A 20 mm-width stripe was illuminated using aMightex Polygon digital micromirror device

(DMD) with an X-cite XLED 450-nm blue light source. To visualize mitotic entry, embryos were illuminated for 0.1 s every 6 s and

imaged every 6 s with a 561-nm laser, with z stacks taken from the embryo surface to a depth of 9 mm with a step size of 3 mm.

To visualize cell cycle progression, embryos fromWT or trk2/trk3 mothers were imaged every 15 s with a 561-nm laser, with z stacks

taken from the embryo surface to a depth of 20 mm with a step size of 3 mm.

Live imaging for CycE-sfGFP embryos were performed with the Leica SP5 confocal microscope with 203 air objective. Embryos

from CycE-sfGFP/Gal4; mCherry-RNAi/Gal4-VP16 or CycE-sfGFP/Gal4; MEK-RNAi/Gal4-VP16 mothers were dechorionated with

50% bleach for 2 min, then mounted in water on a 35 mm coverslip dish (MatTek). Images were acquired every 10 s with an argon

laser, with z stacks taken from the embryo surface to a depth of 12 mm with a step size of 1.85 mm.

Live imaging for Stg variants-expressing embryos were performed with the Leica SP5 confocal microscope with 203 air objective.

Embryos with injectedmRNAs or from nos:StgWT/ nos:StgWT; his3.3-mIFP or nos:Stg4A/nos:Stg4A; his3.3-mIFPmothers were de-

chorionated with 50% bleach for 2 min, thenmounted in water on a 35mm coverslip dish (MatTek). Images were acquired every 10 s

with an argon laser, with z stacks taken from the embryo surface to a depth of 20 mm with a step size of 2.85 mm.

Interphase and M-phase classification
The z stack sequences were first preprocessed in FIJI49 using a summed z projection of pixel intensities. The pixel classification pipe-

line in ilastik was then used to train a probability map discriminating between nuclei and background pixels. Training was performed

manually by labeling pixels belonging to each class using ilastik’s interface. The probability mapswere used as input to thewatershed

algorithm to perform instance segmentation of nuclei in MATLAB. To improve the quality of the segmented regions a Gaussian

smoothing with a sigma of 0.5 was applied to the probability maps, followed by an H-maxima transform with a threshold of 0.5.

The H-maxima transform was necessary to segment nuclei at later time points whose histone signal had decayed significantly.

Following segmentation, nuclei were categorized to be in ‘interphase’ or ‘mitosis’ at each frame of the sequence. Using ilastik’s

object classification pipeline, nuclei weremanually labeled according to their shape and intensity. The output of ilastik produced tem-

poral flickering artifacts between the two classes in the transitions between interphase and mitosis. Flickering was reduced by first

tracking cells over time using TrackMate, and second computing themode of each nuclei’s class in a 5 framemovingwindow. Finally,

kymographs were constructed by averaging the object classes along the DV-axis and along the AP-axis with a 15 pixel moving

average, for each frame in the sequence.
e3 Developmental Cell 59, 3061–3071.e1–e6, December 2, 2024
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Sample preparation for phosphoproteomics
Samples were prepared as previously described in previous works,53,54 with minor modifications.

Embryo lysis and protein digestion
Frozen embryos were briefly thawed on ice and lysed by 5-8 volumes of lysis buffer (50 mM HEPES pH 7.2, 2% SDS, 5 mM EDTA)

containing protease inhibitors (Roche #4693124001) and PhosStop phosphatase inhibitors (Roche #4906837001) in a glass homog-

enizer. All buffers were made with HPLC-grade water. Lysates were sonicated for 1 min and then clarified by centrifuge at 20,000 rcf

at 4 �C. The samples were reduced with 5mMDTT for 20min at 60 �C. Cysteines were alkylated with 15mMN-ethylmaleimide (NEM)

for 20 min at room temperature (RT). Excess NEM was reacted away with an additional 5 mM DTT at RT. Proteins were precipitated

by methanol/chloroform. The protein pellet was resuspended in 6 M guanidine HCl and 50 mM 3-[4-(2-hydroxyethyl)-1-piperazinyl]-

propanesulfonic acid (EPPS), pH 8.5, with gentle pipetting and heated to 60 �C for 5min. The protein concentration was quantified by

BCA assay, and adjusted to �4 mg/mL. Eight repeats for each of the 10 min light or dark conditions were used for further steps. For

�400 mg of protein per condition, samples were diluted to 2 M guanidine with 10 mM EPPS, pH 8.5, and digested with Lys-C (Wako

Chemicals) at 20 ng/mL at RT overnight. Next, samples were diluted to 0.5 M guanidine HCl with 10 mM EPPS, pH 8.5, and digested

further by adding 20 ng/mL of Lys-C and 10 ng/mL of sequencing grade trypsin (Promega). Digestions were incubated at 37 �C over-

night. Digested peptides were quantified with a colorimetric peptide assay (Pierce #23275). 100 mg of peptides per replicate were

dried in a SpeedVac.

Tandem Mass Tag labeling
Dried peptides fromdigestion were labeled using 16-plex tandemmass tag (TMTpro) reagents (Thermo Fisher Scientific #A44520) for

10 min optoSos, and 18-plex TMTpro reagents (Thermo Fisher Scientific #A52045) for 3 min optoSos. 100 mg of dried peptides were

resuspended with 100 mL of 200 mM EPPS, pH 8.0. 40 mL of TMTpro stock solution (20 mg/mL in dry acetonitrile) was added to each

sample and incubated at RT for 2 h. The reaction was quenched by 10 mM hydroxylamine at RT for 15 min. All conditions were com-

bined in one tube, and were acidified by addition of phosphoric acid to 5%. Samples were clarified by spinning at 20,000 rcf for

20 min. Sep-Pak C18 solid-phase extraction (50 mg) (Waters #WAT054955) was used to desalt and isolate peptides.

Phosphopeptide enrichment
TMTpro-labeled peptides were resuspended in 0.5 mL of 2 M lactic acid / 50% acetonitrile (ACN) and centrifuged at 20,000 g for

30 min. Supernatant was transferred to an Eppendorf tube containing 8 mg of titanium dioxide beads (GL Sciences #5020-

75000), and vortexed for 1 h at RT. A 0.22 mm PTFE membrane filter unit (Millipore #UFC30LG25) was used to filter the titanium di-

oxide beads. The first flowthrough was collected for a second enrichment. The beads were washed three times with 2 M lactic acid /

50% ACN, and twice with 0.1% TFA in 25% ACN. The phosphopeptides were eluted with 1.2 mL of 200 mM KH2PO4, pH 10. The

second enrichment was performed as above, and the second flowthrough was saved for non-phosphopeptide quantification.�4 mg

of peptides from each enrichment was analyzed by LC-MS (nLC-1200 HPLC; Orbitrap Fusion Lumos) using aMS3 synchronous pre-

cursor selection method.55 The remaining sample was fractionated using a high pH reversed-phase peptide fractionation kit (Pierce

#84868) and analyzed by LC-MS.

Sample preparation for identifying the nuclear cycle 14 proteome
For obtaining the NC14 proteome, 900mL of lysis solution (50mM HEPES pH 7.2, 2% SDS, 1x protease inhibitor) was then added to

1330embryos. Theembryoswere lysedby tip-sonicatingwith 50%power, 10 secondson, 20 secondsoff, 10 times. Theprotein lysate

was prepared as above, and the protein concentration was adjusted to �5 mg/mL in 6 M guanidine HCl with 50 mM EPPS, pH 8.5.

�160 mg of protein was used for sample preparation. The sample underwent Lys-C/Trypsin digestion as above. Salt and undigested

proteins were removed by C18 solid-phase extraction (50 mg) (SepPak; Waters). The sample was dried in a SpeedVac overnight.

Fractionation of peptides
Dried peptides from digestion were resuspended in 10mM ammonium bicarbonate pH 8.0 then fractionated by medium pH reverse-

phase HPLC (Aligent 1220 LC) using a flow rate of 0.5 mL/min throughout. The gradient was 0% acetonitrile for 18 minutes, then 7%

acetonitrile to 35% for 57 minutes; then, a flat gradient of 95% acetonitrile was applied for 5 minutes. The fractions were collected

using a fraction collector (Aligent 1260 Infinity) into a 96 well plate. The 96 fractions were pooled into 24 fractions by combining the

alternating well from each column of the plate. Each fraction was dried in a SpeedVac and resuspended in 50 mL of 5% phosphoric

acid. Stage-tip was performed to desalt the sample, and the sample was resuspended in 6 mL of 1% formic acid. Approximated

1.5 mL was analyzed by LC-MS.

Liquid Chromatography and Mass Spectrometry
All samples were analyzed on a Proxeon nLC-1200 HPLC coupled to a Thermo Scientific Orbitrap Fusion Lumosmass spectrometer.

LC-MS/MS for phosphopeptides
Phosphopeptides were separated on an Aurora Gen 3 Ultimate nanoflow UHPLC column (25 cm x 75 mm ID, 1.7 mmC18). Solvent A

consisted of 2% DMSO, 0.125% formic acid in water, solvent B of 80% MeCN, 2% DMSO and 0.125% formic acid in water. The
Developmental Cell 59, 3061–3071.e1–e6, December 2, 2024 e4



ll
Short article
following gradient with percentage of solvent B was applied at a constant flow rate of 350 nL/min: 0%–8% for 5 min; 8%–24% for

150min (unfractionated) or 65min (fractionated); 24%–60% for 15min (unfractionated) or 10min (fractionated); 60%–100% for 5min;

and 100% for 5 min. For electrospray ionization, 2.6 kV were applied from 1-175 min (unfractionated) or 1-85 min (fractionated) of the

gradient through the column. The mass spectrometer was set to analyze positively charged ions in a data-dependent SPS-MS3

mode, recording centroid data with an RF lens level of 20% and the following full scan properties: Orbitrap detector, AGC target

of 4E5 charges, maximum ion injection time of 10 ms, scan range m/z 350-1500 with quadrupole isolation, and 120k resolution.

For triggering MS2 scans, monoisotopic peak determination was set to ‘‘peptide mode’’, and charge states 2 – 6 were included

for analysis. The dynamic exclusion duration was set to 60 s (unfractionated) or 30 s (fractionated) with a +/- 10 ppmmass tolerance

window. For the MS2 analysis in the ion trap, the AGC target was set to 1E4 charges. Ions were selected with a 0.5 m/z isolation

window and fragmented with a CID collision energy of 35%. After MS2 acquisition, MS3 scans were triggered using the following

filters: Exclusion mass width of 70 m/z (low) and 5m/z (high); TMTpro Isobaric Tag Loss Exclusion. MS3 precursors were fragmented

with an HCD collision energy of 45% in the Orbitrap. The MS isolation window was 1.2 m/z and the MS2 isolation window was 2m/z.

The AGC target was set to 1E5 charges, and the scan rangewas set to 110-140m/z. Additional settings were as previously described

by Johnson et al.56

LC-MS/MS for NC14 proteome
The HPLC was set to 350 nL/min flowrate with a gradient from 0%B to 10%B for the first 5 minutes, gradual gradient from 10%B to

36% B for 70 minutes, then a step gradient to 100% for 10 minutes, ending with a 5 minute flat elution at 100% B. The total run time

was 90 minutes with data collected during the entire duration. The mass spectrometer was operated in data dependent mode with a

survey scan ranging from 350-1500 m/z with 60% RF Lens, AGC target of 1E6 charges, and 100 ms maximum injection time. Pep-

tides of charge state 2+ to 6+ were included. Dynamic exclusion range was set to 60 seconds with mass tolerance of 10 ppm.

Selected peptides were fragmented using 30% HCD collision energy, and the resultant MS2 spectrum was acquired using the Orbi-

trap with a resolution of 15k and AGC target of 5E4 charges with maximum injection time of 22 ms.

QUANTIFICATION AND STATISTICAL ANALYSIS

Cell cycle analysis
The nuclear cycle (NC) time for embryos expressing CycE-sfGFP was analyzed similarly to the method describe by Chari et al.57 In

brief, the duration of an NCwas calculated from the number of frames between the appearance of CycE-sfGFP in at least 50% of the

nuclei in the embryo and the re-appearance of CycE-sfGFP in at least 50% of the nuclei in the next NC.

Quantitative phosphoproteomic data processing
The Gygi Lab GFY software licensed from Harvard was used to convert RAW file to the mzXML format, and to correct erroneous

assignments of peptide ion charge state and monoisotopic m/z. MS2 spectra were assigned using the SEQUEST algorithm. Data

was searched against the D. melanogaster proteome reference dataset acquired from UniProt (Proteome ID UP000000803, Protein

count 21973) with forward and reversed sequences concatenated as per the target-decoy strategy. SEQUEST searches were per-

formed using a 20 ppm precursor ion tolerance where both N and C-termini were required to be consistent with the protease spec-

ificity of Lys-C and Trypsin. Fragment ion tolerance in theMS3 spectrumwas set at 1 Th. N-ethylmaleimide (+125.047679 Da) was set

as a static modification on cysteine residues. TMTpro tags (+304.2071 Da) were set as static modifications on lysine residues and N

termini. Oxidation of methionine (+15.99492 Da) and phosphorylation of serine, tyrosine, and threonine (+79.9663304104 Da) were

set as variable modifications. A peptide-level MS2 spectral assignment false discovery rate (FDR) of 1% was applied as previously

described by Johnson et al.56 The linear discriminant analysis used the following features: SEQUEST parameters XCorr and DXCorr,

charge state, peptide length and absolute peptide mass accuracy.

Phosphopeptides with isolation specificity greater than 0.5 and sum of raw TMTpro signal-to-noise (S/N) ion intensities greater

than 200 for 10 min optoSos or 100 for 3 min optoSos were included for further analysis. The raw S/N ion intensities were normalized

as follows: (1) each TMTpro ion intensity for a given phosphopeptide was divided by the average TMTpro ion intensity observed in all

acquired TMTpro channels for that phosphopeptide, and (2) for each channel, values from step 1were normalized by themedian step

1 value of all flowthrough (non-phosphorylated) peptides in the corresponding channel. The TMTpro intensity fold-change for a given

phosphopeptide between the light and no light conditions were calculated by dividing the average normalized intensity for the ‘‘light’’

channels by that for the ‘‘no light’’ channels. Student’s t-test was used to assign statistical significance for changes in phosphopep-

tide abundance. P-values were adjusted by the Benjamini-Hochberg procedure.58,59 For the analysis of localized phosphorylation

sites, only sites with max Ascore/ModScore >= 13 were considered.60,61

Inferring kinase activity
Scoring and matching

We explore two strategies for evaluating kinase activity: an approach comparing substrates within the experiment and another

comparing against a hypothetical fly phosphoproteome. Both require predicting the kinase(s) which match/phosphorylate each of

the discovered substrates using the procedure described by Johnson et al.30 In brief, the sequences of the phosphopeptides are

scored using the position-specific scoring matrices (PSSM) of the kinases in Johnson et al.30 For each kinase, its scores are ranked
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against a background of scores from a putative set of phosphopeptides,62 and a score is considered a match if it is in the top 10

percentile of background scores, as suggested by Johnson et al.30 We provide a schematic in Figure S3. To reduce the number

of spurious matches, we restrict our analysis to the set of human kinases that have a fly ortholog, are not membrane-bound, and

are expressed during nuclear cycle 14. Fly and human kinases were considered orthologs if they were found to be reciprocal best

hits using BLAST. This reduces the number of considered kinases from the 303 found in Johnson et al.30 to 56.

z-test statistic on kinase activity
The first approach to determine kinase activity uses a one sample z-test.63 For each of the 56 kinases, we compare the mean of the

log2 fold-change (FC) in phosphorylation of matches to the kinase against the log2FC distribution of all detected peptides. For each

kinase, we compute the one-sided z-test statistic, x�m0

s=On, where x is the average log2FC of the peptides that match the kinase, n is num-

ber of peptides that match that kinase, and m0 and s are the average log2FC and standard deviation, respectively, of all detected

peptides. If x > m0, the z-test is converted to a one-tailed p-value using a standard normal distribution and computing the probability

that m0R x, and otherwise the p-value is computed as that m0% x. Finally, the p-values are adjusted for a false discovery rate (FDR) of

10% using the Benjamini-Hochberg procedure.58,59

Kinase match enrichment
We also use a second approach to uncover the kinases relevant for the experiment. An ‘‘enrichment score’’ is calculated for each

kinase, and defined as the fraction of matches to the kinase in the experiment divided by the fraction of matches in the hypothetical

fly phosphoproteome. The hypothetical fly phosphoproteome consists of all 10-mers in the proteome expressed in nuclear cycle 14

Drosophila embryos (obtained from label-free proteomics described above) where the middle (i.e., sixth) position is either S or T, and

each 10-mer is scored and considered as a match for a kinase using the Johnson et al. method.30 A kinase with a large proportion of

matches in the experiment but a relatively low proportion of matches in the phosphoproteome suggests that it has enriched activity in

this point in embryogenesis. P-values are computed using the hypergeometric distribution, adjusted via the Benjamini-Hochberg

procedure.58,59
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