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ABSTRACT

Temporally and spatially controlled protein synthesis plays a critical role in orchestrating the
molecular events underlying behaviors, stress adaptations, and therapeutic responses to
drugs. However, traditional proteomic techniques often fail to capture the dynamic changes
in protein expression essential for understanding transient biological phenomena. To
overcome this limitation, the work presented in this thesis leverages bioorthogonal
noncanonical amino acid tagging (BONCAT) coupled with mass spectrometry to perform

time-resolved proteomic analyses in zebrafish larvae and cultured neurons.

Chapter II details the development and validation of BONCAT proteomics in zebrafish,
demonstrating that newly synthesized proteins from zebrafish larvae could be reliably
labeled, enriched, and identified even over short labeling periods. Proof-of-concept
experiments using heat shock revealed that BONCAT proteomics was able to detect changes
in expression of proteins known to be induced by heat shock with greater sensitivity than
conventional approaches using global proteomics. These results establish BONCAT as a
powerful tool for investigating dynamic changes in protein synthesis in zebrafish. In Chapter
11, we applied BONCAT to neuronal cultures to profile the proteomic changes induced by
sub-anesthetic, antidepressant-relevant doses of ketamine. These studies uncovered rapid
alterations in protein synthesis, identifying significantly differentially regulated proteins and
pathways involved in synaptic plasticity, cytoskeletal remodeling, cellular signaling,
metabolism, and RNA processing. This work provides novel molecular insights into
ketamine’s rapid-acting antidepressant effects and further illustrates the utility of BONCAT
for capturing early, transient proteomic responses to drug treatment. Finally, in Chapter 1V,
we explore changes in protein expression in zebrafish larvae underlying circadian rhythms
and in response to low-dose ketamine treatment. We observed interesting protein synthesis
patterns in both biological contexts, but our findings lacked the statistical significance and
reproducibility across experiments required to draw strong biological conclusions from our
data. Although methodological refinements are required, our work underscores BONCAT’s
potential to elucidate transient proteomic shifts underlying behavioral phenomena and

pharmacological interventions in zebrafish.
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Chapter I

INTRODUCTION

Proteins synthesized at precise times and locations drive critical cellular responses
underlying behavior!™, stress adaptation®”’, and pharmacological interventions®!2,
Traditional proteomic methods provide snapshots of protein abundances but often fail to
detect dynamic changes that are critical for understanding transient biological phenomena.
Bioorthogonal noncanonical amino acid tagging (BONCAT) offers a targeted strategy to
address this limitation by allowing selective labeling, enrichment, and identification of newly

synthesized proteins within defined time windows!*!4

. Leveraging click chemistry to affinity
purify newly synthesized proteins labeled with chemically modified amino acids'>!7,
BONCAT enables time-resolved proteomic analyses that can elucidate rapid shifts in protein

expression otherwise masked by highly abundant pre-existing proteins.

For my doctoral research, I developed and applied BONCAT proteomics techniques, both in
vivo in zebrafish larvae and in vitro in primary embryonic rat cortical neurons, to investigate
temporally regulated protein synthesis in various biological and behavioral contexts.
Specifically, I explored BONCAT’s utility in dissecting molecular responses to
environmental stressors, fast-acting pharmacological treatments, and circadian rhythms.
These studies demonstrate the effectiveness and versatility of BONCAT for uncovering
biologically relevant changes in protein expression, providing a basis for future mechanistic

work aimed at dissecting the roles that specific proteins might play in regulating processes.

In Chapter II, we describe the development and validation of BONCAT proteomics in larval
zebrafish, a model organism that has seen widespread use in developmental biology and
neuroscience due to its genetic tractability, optical transparency, and quantifiable,
evolutionarily conserved behaviors. Our experiments confirmed the successful enrichment
and mass spectrometry-based identification of newly synthesized proteins from zebrafish

larvae after labeling periods as short as 12 h. As a proof-of-concept, we investigated changes
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in protein synthesis in fish subjected to heat shock, detecting differential expression of

proteins known to be induced by heat shock with enhanced sensitivity compared to
conventional global proteomics. These findings demonstrated BONCAT’s ability to reveal
transient changes in protein synthesis in zebrafish larvae, paving the way for future time-
resolved proteomic analyses addressing other biological questions of interest to the zebrafish

research community.

Chapter III focuses on understanding the rapid antidepressant effects of ketamine using
BONCAT in primary neuron cultures. Unlike traditional antidepressants characterized by
delayed therapeutic effects, ketamine alleviates depressive symptoms within hours to days.
Despite extensive research, the molecular mechanisms responsible for ketamine’s rapid-
acting antidepressant effects remain unclear. Our analysis uncovered rapid and significant
proteomic shifts during the first 24 hours of treatment with sub-dissociative, antidepressant-
relevant doses of ketamine, observing an overall increase in protein synthesis in ketamine-
treated neurons compared to controls. We identified various significantly up- or down-
regulated proteins and pathways involved in synaptic plasticity, cytoskeletal dynamics,
cellular signaling pathways, metabolism, and RNA processing. Thus, our work provides
novel insights into the changes in protein expression underlying ketamine’s rapid-acting
antidepressant effects and further illustrates the power of BONCAT for capturing early,

transient proteomic responses to drug treatment.

In Chapter IV, we used BONCAT proteomics to explore circadian rhythms and low-dose
ketamine treatment in zebrafish larvae. Our results showed evidence suggesting increased
protein synthesis during the night compared to during the day; however, this pattern was
inconsistent across developmental stages, indicating possible context dependency in
circadian regulation of protein expression. Additionally, we investigated proteomic
responses to treatment with sub-dissociative, antidepressant-level doses in zebrafish larvae,
aiming to extend our in vitro findings to an in vivo context. While we observed several
potentially interesting changes in protein synthesis in our proteomic analysis of BONCAT-

enriched samples, our findings lacked the statistical significance and reproducibility across



3
experiments required to draw strong biological conclusions from our data. Nevertheless,

these studies emphasize BONCAT’s potential for investigating transient changes in protein
expression underlying behavioral phenomena in zebrafish while also highlighting

methodological challenges that require further optimization.
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Chapter I1

TIME-RESOLVED PROTEOMIC ANALYSIS IN ZEBRAFISH USING
BIOORTHOGONAL NONCANONICAL AMINO ACID TAGGING
(BONCAT)

2.1 Abstract

Protein synthesis underpins many biological processes, yet tracking time-dependent
proteomic changes remains challenging. Bioorthogonal noncanonical amino acid tagging
(BONCAT) offers a targeted approach for labeling and identifying newly synthesized
proteins within defined time windows of interest. Here, we present the first such application
of BONCAT in larval zebrafish, a model organism that has seen widespread use because of
its genetic tractability and utility in developmental biology and neuroscience. We
successfully enriched, using click chemistry, and identified, via mass spectrometry,
azidohomoalanine (AHA)-labeled proteins after labeling durations as short as 12 hours.
Proteomic analysis of BONCAT-enriched proteins demonstrated significant signal above
background compared to unlabeled controls after both 48 h and 12 h of labeling. As a proof
of concept, we investigated proteomic changes in response to heat shock in zebrafish larvae.
BONCAT analysis revealed the upregulation of heat shock-induced proteins with greater
sensitivity than global proteomics. Gene set enrichment analysis confirmed that known heat
shock response proteins were significantly enriched in the BONCAT dataset but not in the
global proteomics dataset, highlighting the ability of BONCAT to detect transient molecular
responses otherwise masked in conventional global proteomics. Beyond the expected
changes in synthesis of heat shock proteins, BONCAT identified differentially expressed
proteins implicated in stress responses, lipid metabolism, and neural regulation, offering
insights into the zebrafish heat shock response. These findings establish BONCAT as a
powerful tool for time-resolved proteomic analysis in zebrafish. Its ability to enhance signal
specificity and resolve protein dynamics opens new avenues for studying molecular

underpinnings of behavior, stress, and development in this versatile model organism.



2.2 Introduction

Changes in protein expression underlie many behavioral phenomena, driving processes such
as learning and stress responses. During learning, the synthesis of particular proteins at
specific times leads to synaptic plasticity involved in long-term memory formation'-.
Similarly, changes in protein synthesis that occur in response to environmental or chemical
stressors play important roles in adaptive processes required for survival*%. Understanding
these molecular-level changes can aid in the discovery of novel targets for treating
neurological or psychiatric disorders, as well as the identification of pathways that support

resilience to stress.

While RNA sequencing methods have been used in many organisms and have generated
critical insights into the control of gene expression under a wide variety of conditions, the
relationship between mRNA and protein abundances is not simple’-!°. Factors including
post-transcriptional regulation of mRNAs, alternative splicing, polyribosomes, and
differences in stability between mRNA and the protein it encodes all contribute to
mismatches in the relative amounts of a protein and its corresponding mRNA transcript.
Furthermore, analysis at the protein level enables the detection of post-translational
modifications, which also have a marked effect on protein function''"'%. Therefore,
innovations in proteomic techniques are necessary for obtaining a more accurate
understanding of the functional states of cells or organisms, which depend on the proteins

being expressed rather than the mRNAs that are present.

Several computational and methodological advances have enabled the quantification of
protein abundances from mass spectrometry-based proteomic analysis. Label-free
quantification (LFQ) allows for relative measurements of protein abundances based on
measured peptide ion intensities'>!®. The accuracy of peptide and protein quantitation can be
improved using methods such as stable isotope labeling by amino acids in cell culture
(SILAC)", which introduces heavy isotopes into proteins during synthesis, or the addition
of isobaric tags, such as tandem mass tags (TMT)!® or isobaric tags for relative and absolute

quantification iTRAQ)". Despite these advances, it remains challenging to identify proteins



.
synthesized during a particular time window of interest, such as in response to environmental

perturbation. Even when newly synthesized proteins are tagged using methods like SILAC,

their signals are often obscured by highly abundant pre-existing proteins.

Bioorthogonal noncanonical amino acid tagging (BONCAT)?*?! mitigates the shortcomings
of conventional proteomic workflows by enabling the affinity purification of newly
synthesized proteins via metabolic labeling with a chemically modified amino acid analog.
In the most common BONCAT experiment, the azide-bearing methionine surrogate
azidohomoalanine (AHA) is incorporated into newly synthesized proteins in competition
with methionine after activation and charging by the endogenous methionyl-tRNA
synthetase (MetRS) of the host. AHA-labeled proteins can be covalently attached to affinity
tags or to alkyne-functionalized beads for enrichment and subsequent identification via mass

2021 " or labeled with fluorescent alkynes for in situ visualization (fluorescent

spectrometry
noncanonical amino acid tagging, or FUNCAT)?. Enrichment or labeling of AHA-tagged
proteins is accomplished either by a Cu(I)-catalyzed [3 + 2] azide-alkyne cycloaddition
(CuAAC)*?, or by a strain-promoted [3 + 2] azide-alkyne cycloaddition (SPAAC)*.
Because azides and alkynes are rare in living organisms?®-28, the azide-alkyne “click”
reaction is highly selective toward AHA-labeled proteins. Although depletion of methionine
to enable high levels of replacement by AHA can perturb protein abundances, competitive

labeling at modest levels can be accomplished without significant perturbation?’.

BONCAT has been used to perform time-resolved proteomic analyses in a diverse array of

30,31

biological systems, including bacteria®®’!, immortalized cell lines?%-3*-3*

, primary

4244 plants®, Caenorhabditis

40,41

cultures?®3>3, tissue sections***!, stem cell-derived cultures

4930 "and rodents®*>1->4, but not yet in zebrafish. Zebrafish larvae

elegans*®8, Xenopus laevis
are a powerful and widely used model organism: their rapid developmental timeline has
made them a workhorse of developmental biology, while their optical transparency,
relatively simple brain anatomy, and expression of evolutionarily conserved genes have
made them increasingly popular in neuroscience. As early as 5 days post fertilization (dpf),

larval zebrafish exhibit well-characterized, robust, and conserved behaviors, which have
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been studied in the context of sleep®>, fear’’>°, social interactions®*-%3, learning®-%¢, and

more®”-%°. Moreover, their small size makes them amenable to high-throughput behavioral

tracking’%7?

, while their optical transparency facilitates whole-brain imaging and non-
invasive monitoring of neuronal activity’>’4. Finally, zebrafish larvae are able to absorb
compounds from the medium they swim in, simplifying the delivery of small molecule drugs

or metabolic labels, including noncanonical amino acids.

Over a decade ago, Hinz and coworkers reported that AHA could be used to label newly
synthesized proteins in zebrafish larvae”. More recently, Shahar et al. accomplished cell-
type specific labeling of newly synthesized proteins by incorporating the bulkier
noncanonical amino acid azidonorleucine (ANL) into the nascent proteome of neurons by
expressing a mutant MetRS under the control of a neuron-specific promoter’®. Both papers
showed that azide-labeled proteins could be visualized using FUNCAT and, using western
blots, the authors demonstrated that AHA- and ANL-labeled proteins could be affinity
purified. However, we are unaware of reports of identification of BONCAT-labeled proteins

in zebrafish via LC-MS/MS-based proteomic methods.

Here, we show for the first time that BONCAT can be utilized to perform time-resolved
proteomic analysis in zebrafish. We demonstrate that enriched AHA-labeled proteins can be
detected via LC-MS/MS at levels above background with labeling times as short as 12 hours.
As a proof of concept, we demonstrate that BONCAT captures changes in protein expression
in response to heat-induced stress, revealing changes in the expression of heat shock proteins
that are not apparent in global proteomic analysis. Thus, this work provides a foundation for
future time-resolved studies of protein expression in zebrafish to uncover the molecular bases

of behavioral phenomena.

2.3 Results

We set out to evaluate the utility of the BONCAT method for time-resolved proteomic
analysis in larval zebrafish. Zebrafish larvae (5-6 dpf) were treated with the methionine
analog AHA (Fig. 2.1A) in E3 embryo medium during the time window of interest, resulting

in labeling of newly synthesized proteins with azide side chains. AHA-labeled proteins could
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be visualized in situ or enriched for subsequent identification via LC-MS/MS (Fig. 2.1B).

Previously, Hinz et al. demonstrated that AHA-tagged proteins could be fluorescently
labeled in situ in larval zebrafish (Fig. 2.2A, Fig. S2.1), and that transient labeling with AHA
revealed evidence of increased protein synthesis following treatment with the GABA
receptor antagonist pentylenetetrazole (PTZ)’°. We aimed to expand the capabilities of
BONCAT in zebrafish larvae to include the identification and quantitative analysis of

enriched AHA-labeled proteins.
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Figure 2.1. Newly synthesized proteins labeled with noncanonical amino acid AHA can be
identified (BONCAT) and visualized (FUNCAT) using click chemistry. (A) Chemical
structures of methionine and azidohomoalanine (AHA). (B) Schematic showing AHA
incorporation into newly synthesized proteins in zebrafish larvae (5-7 dpf). AHA-labeled proteins
can be enriched via covalent attachment to DBCO-agarose beads using copper-free strain-
promoted [3 + 2] azide—alkyne cycloaddition. Peptides released via on-bead enzymatic digestion
can be identified via LC-MS/MS for downstream proteomic analysis. Alternatively, AHA-labeled
proteins can be visualized in situ via reaction with an alkyne-fluorophore using Cu(I)-catalyzed [3
+ 2] azide-alkyne cycloaddition. Created in BioRender. Miller, S. (2025)
https://BioRender.com/Okr2egz.
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Figure 2.2. BONCAT enables visualization, enrichment, and proteomic analysis of newly
synthesized proteins from larval zebrafish treated with AHA for 48 h. (A) In situ visualization
of AHA-labeled proteins was consistent with FUNCAT results reported by Hinz et al.” Zebrafish
larvae (7 dpf) were fixed after 48 h metabolic labeling with 4 mM AHA, permeabilized, and treated
with 5 uM Cy3 alkyne. Representative images of dorsal views of the head and start of the tail are
shown for an unlabeled control zebrafish larva (left, n=3) and a zebrafish larva labeled with 4 mM
AHA for 48 h (right, n=3). Scale bar is 100 pm. (B) Venn diagram indicating the numbers of
proteins identified via proteomic analysis in control samples of untreated fish and/or in samples
of fish treated with 4 mM AHA for 48 h. (C) PCA plot showing separation of control and labeled
samples after dimensionality reduction. PCA was performed using raw abundance data. (D)
Empirical cumulative distribution function (ECDF) plot showing, for each protein identified in
both labeled and unlabeled samples, the log of the ratio of the average raw abundance of that
protein in labeled samples to its average raw abundance in unlabeled samples. Shading represents
95% confidence intervals. n = 3 biological replicates for each condition.

Using strain-promoted azide-alkyne click chemistry (SPAAC), we conjugated labeled
proteins in zebrafish lysates (150 zebrafish larvae per sample) onto dibenzocyclooctyne
(DBCO)-agarose beads. After extensive bead washing, on-bead digestion of the enriched
proteins with trypsin and Lys-C, and peptide purification, samples were subjected to LC-
MS/MS analysis. Our initial experiments compared fish treated with 4 mM AHA for 48 h to
untreated control fish collected at the same time, since Hinz et al. were able to detect robust
labeling under these conditions’>. We identified 4,245 zebrafish proteins, 3,893 of which had

at least one quantified raw abundance value (Fig. 2.2B). Principal component analysis (PCA)
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revealed distinct separation of labeled samples from unlabeled control samples, particularly

along the PC1 axis, which accounts for 66.6% of the variance in the dataset (Fig. 2.2C). The
quality of sample clustering in PCA can be quantified using a Silhouette score’’, which is
determined by measuring for each sample i the mean distance to other points in the same

cluster (a;) and the mean distance to all points in the nearest cluster (b;), and then calculating

1$n bi-a;

=1 , where n is the number of samples in the dataset. The final value ranges

n max (a;,b;)
from -1 to 1, where a negative score indicates that points are assigned to incorrect clusters, a
score of zero suggests that clusters are overlapping or points are equally close to points in
other clusters as they are to points in their own, and a positive value means clusters are clearly
distinguished and well separated from one another. The mean Silhouette score calculated for
samples in this PCA was 0.68, providing quantitative confirmation of the clear separation

observed between labeled and unlabeled samples.

Most quantified proteins (3,234/3,893) were identified in both control and labeled samples
(Fig. 2.2B), indicating the presence of background signal from unlabeled proteins that make
it through the enrichment process, likely due to non-specific adsorption onto the agarose
beads. However, almost all (94%) of the proteins identified across both AHA-treated and
control samples had greater average abundance values in the labeled samples (Fig. 2.2D).
There were also more total proteins identified in the AHA-treated samples, with 570 proteins
found uniquely in labeled samples compared to 89 uniquely found in control samples (Fig.
2.2B). More proteins were identified across all three replicates in the labeled condition (3,273
proteins) compared to unlabeled controls (2,431 proteins), whereas fewer proteins were
identified in only one replicate (199, compared to 413 in unlabeled samples) or only two
replicates (372, compared to 479 in unlabeled samples). These results indicate successful

enrichment of AHA-labeled proteins.

AHA-labeled proteins from zebrafish larvae exposed to 12 h labeling can be enriched
and identified

We then tested whether we could identify AHA-labeled proteins via LC-MS/MS after
shorter labeling times, since the value of the information captured by the BONCAT method
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Figure 2.3. Newly synthesized proteins labeled with AHA for 12 h can be enriched via
BONCAT for proteomic analysis. (A) Venn diagram indicating the number proteins identified
via proteomic analysis in control samples of untreated fish, samples of fish treated with 4 mM
AHA for 12 h during the night (9 pm — 9 am), and samples of fish treated with 4 mM AHA for
12 h during the day (9 am — 9 pm). (B) PCA plot showing clustering and linear separability of
unlabeled control, daytime AHA-labeled, and nighttime AHA-labeled samples after
dimensionality reduction. PCA was performed using raw abundance data. (C) ECDF depicting
the log ratios of the average raw abundances of proteins identified in samples labeled with AHA
for 12 h during the night to their average raw abundance in control samples. (D) ECDF depicting
the log ratios of the average raw abundances of proteins identified in samples labeled with AHA
for 12 h during the day to their average raw abundance in control samples. Shading on ECDF
curves represents 95% confidence intervals. n = 3 biological replicates for each condition.

increases with improved temporal resolution. We performed BONCAT analysis on
samples labeled for 12 h (during the day or during night) and compared them to unlabeled
controls. In total, 1,726 proteins were identified across all samples. The samples labeled
during the night yielded the largest number of protein identifications, while, as expected,
the unlabeled samples yielded the fewest, with only 41 proteins unique to the unlabeled
condition (Fig. 2.3A). PCA again revealed clear separation of samples from the three
different conditions, particularly along the PC1 axis, which accounts for 48.5% of the

variance in the dataset (Fig. 2.3B). The greatest separation was observed between the
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unlabeled samples and samples labeled for 12 h at night (Silhouette score = 0.60), although

separation between daytime- and nighttime-labeled samples (Silhouette score = 0.32) is
indicative of differences in protein expression between day and night. Of the proteins
identified in samples labeled with AHA for 12 h during the night as well as in unlabeled
controls, 94% had a higher average raw abundance in the labeled samples (Fig. 2.3C).
Similarly, 92% of proteins identified in samples labeled for 12 h during the day and in
unlabeled samples had higher average raw abundances in the daytime-labeled samples

(Fig. 2.3D).

Effect of AHA on larval zebrafish locomotor activity and sleep behavior

Having verified that we can identify BONCAT-enriched proteins via LC-MS/MS at levels
above background after 12 hours of labeling in zebrafish larvae, we sought to test the ability
of BONCAT to reveal changes in protein synthesis associated with transient biological
responses. Intrigued by the possibility that differences in protein expression during day
versus night could be captured via BONCAT analysis, we focused initially on trying to
distinguish “sleep” vs “wake” proteomes. As a first step, we examined the effect of AHA
treatment on sleep behavior, using a video tracking system to assess the locomotor activity
and sleep of the fish over a 48-hour period during exposure to 4 mM AHA. We did not expect
to see an effect on zebrafish behavior, since Hinz et al. previously showed that treatment with
4 mM AHA for up to 72 hours did not affect spontaneous swimming behavior, visual
tracking, or reflexive behaviors in zebrafish larvae”. However, although normal circadian
changes in activity were maintained, contrary to our hypothesis, we observed a decrease in
locomotor activity and an increase in sleep in zebrafish exposed to AHA (Fig. S2.2). In light
of the effects of AHA on larval zebrafish sleep behavior, we did not pursue further use of the
BONCAT method to probe changes in protein expression underlying natural sleep-wake

cycles.

BONCAT reveals changes in protein expression in zebrafish larvae exposed to heat shock
To evaluate the BONCAT method’s ability to detect newly synthesized proteins expressed

in zebrafish during discrete, biologically relevant time windows, we instead examined the
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proteomic response of zebrafish to heat shock. Zebrafish larvae (6 dpf) were treated with

AHA and immediately subjected to elevated temperature (32°C) for 12 h, whereas control
fish were treated with AHA and kept at 28.5°C for the same amount of time. The experiment
was carried out during the night, since we observed that 12 h labeling at night resulted in
more proteins identified, better PCA separation from controls, and improved signal above
background compared to samples labeled during the day (Figs. 2.3B-D). BONCAT-enriched
samples were subjected to LC-MS/MS analysis, resulting in the identification of 2,198
proteins (Fig. 2.4A). Samples clustered well by condition via PCA (Fig. 2.4B), and linear
separability of the samples in principal component space (Silhouette score = 0.41) suggests
that the experimental conditions drive distinct patterns in the data that are well captured by
the first two principal components, even though together they account for less than a third of

the total variance.

Differential expression analysis identified 23 proteins that were significantly up- or down-
regulated in response to heat shock (FDR-adj. p-value < 0.05 and |log>(Fold Change)| > 1)
(Table S1), with an additional 76 proteins with [log2(FC)| < 1 that pass the threshold of
statistical significance after accounting for multiple hypothesis testing (Fig. 2.4C). We
searched all the proteins identified in our experiment for those previously reported to be up-
regulated in response to heat shock to check whether their expression was also elevated in
our BONCAT proteomics data. To identify proteins in our dataset previously shown to be
induced by heat shock, we began by listing all of the proteins in our dataset that overlapped
with proteins returned in Zebrafish Information Network (ZFIN) database searches for “heat
shock™ or “hsp.” We then examined the information and references listed in these proteins’
ZFIN entries, performing a thorough literature search to identify any with published data
demonstrating that their expression increases in response to heat shock. This resulted in the
identification of 19 proteins in our BONCAT proteomics dataset that have previously been
shown to be up-regulated in response to heat shock (Table 1). The raw abundance values for
these proteins were distributed across the range of values detected via LC-MS/MS (Fig.
S2.3). Some of these proteins (designated “confirmed”) have been reported as showing

increased expression, either at the protein or mRNA level, in response to heat shock in
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Figure 2.4. Proteomic analysis of BONCAT-labeled proteins from zebrafish larvae exposed
to elevated temperatures for 12 h reveals expected up-regulation of heat shock-induced
proteins. (A) Venn diagram indicating the number BONCAT-enriched proteins identified via
proteomic analysis in samples of control fish treated with 4 mM AHA and kept at 28.5°C and/or
in samples of fish treated with 4 mM AHA during incubation at 32°C. (B) PCA plot showing
clustering and separation of control fish and fish exposed to heat shock. PCA was performed
using median normalized abundance values. (C) Volcano plot comparing expression of
BONCAT-enriched proteins identified in zebrafish larvae exposed to heat shock to their
expression in controls. Fold change values were calculated via label-free quantification. Proteins
significantly up-regulated in fish exposed to heat shock are depicted in light red, whereas
proteins significantly down-regulated in fish exposed to heat shock are depicted in blue.
Significance threshold was set to |log2(FC)| > 1 and FDR-adj. p < 0.05. Horizontal dashed lines
depict p=0.05 and Benjamini-Hochberg false-discovery rate (FDR)-adjusted p =0.05. Enlarged,
highlighted points indicate proteins for which data exists demonstrating their up-regulation
during heat shock. Dark red (“confirmed”) signifies that the protein has been shown to be up-
regulated during heat shock in zebrafish. Bright red (“likely”) signifies that the protein has been
shown to be up-regulated during heat shock in other organisms. Orange (“tentative”) indicates
that existing data suggests a weak increase or that there are conflicting data in different papers.
(D) Gene set enrichment analysis (GSEA) curve for proteins known to be induced by heat shock,
which were manually annotated as “Heat shock response” for pathway analysis and are denoted
with tick marks along the x-axis. Analysis revealed that this group of proteins is significantly
enriched in the dataset based on FDR-adjusted p-values. The number of permutations was set to
10,000 for calculation of p-values. n = 8 biological replicates for each condition.
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zebrafish. Others have been shown to increase in expression in response to heat shock in

other systems, including other species of fish, insects, or mammalian cell culture (“likely”),
or have exhibited weak or conflicting effects in previous reports ("tentative"). Our data
showed that all 19 of these proteins had increased abundance (log:FC > 0) in zebrafish
exposed to heat shock, although only 8 of these log2FC values were statistically significant

(FDR-adj. p-values < 0.05).

We performed gene set enrichment analysis (GSEA) to identify signaling pathways that are
significantly up- or down-regulated in zebrafish in response to heat shock. None of the
protein annotations obtained from the Gene Ontology (GO) knowledgebase (Molecular
Function, Cellular Component, and Biological Process), the WikiPathways database, or the
Reactome pathway database were found to be significantly differentially regulated between
treatment conditions. The only annotation in our dataset related to heat shock that was pulled
from these databases for zebrafish was “regulation of HSF-1 mediated heat shock response”
from the Reactome database. However, the complete entry for this pathway on the Reactome
website specifies that this pathway was not assembled from zebrafish data but was instead
inferred from human data. To address the lack of heat shock-related annotations for zebrafish
proteins, we manually annotated the 19 proteins identified above as “heat shock-induced
proteins” (Table 1). Performing GSEA again with this new annotation identified “heat shock-
induced proteins” as significantly enriched, with a normalized enrichment score of 2.14 and

an associated FDR-adjusted p-value of 8.24x10* (Fig. 2.4D).

Table 2.1. Proteins induced by heat shock in zebrafish identified via proteomic analysis of
BONCAT-enriched samples
Gene FDR- Previously Shown

Protein Nam LogFC | P-Value Adj. Up-Regulated in
¢ P-Value Heat Shock

Heat shock protein family A (Hsp70) hspalb | 2860 | 6.77E-08 | 146E-05  Confirmed’™

member 1B

Heat shock cognate 70-kd protein, like hsp701 1.970 5.20E-09 | 2.52E-06 Confirmed®’
g p

Dnal heat shock protein family (Hsp40) | 5 in1h | 1640 | 8.00E-06 | 9.55E-04 Tentative®!

member Blb J ) ) )

Heat shock cognate 70 hsc70 1.470 3.31E-03 | 5.73E-02 Confirmed??84

Heat shock protein 90, alpha (eytosolic), | gn.01 1| 1000 | 149E-08 | 4.81E-06 Confirmed?s

class A member 1, tandem duplicate 1
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Serpin peptidase inhibitor, clade H (heat

: ) ) 86
shock protein 47), member 1b serpinhlb 0.770 3.51E-02 | 2.07E-01 Confirmed
ST13 Hsp70 interacting protein st13 0.768 2.31E-02 | 1.69E-01 Tentative®’
Heat shock protein, alpha-crystallin- hspb11 0.730 | 243E-03 | 485E-02 = Confirmeds®®

related, b11

Heat shock protein 90, beta (grp94), hsp90bl | 0.674 | 7.04E-07 | 1.36E-04 = Confirmed®®'

member 1

Unc-45 myosin chaperone B unc45b 0.666 4.08E-04 | 1.64E-02 Confirmed®>%*
Heat shock protein 4a hspada 0.524 2.87E-01 | 1.87E-01 Likely®3%
Heat shock protein 8 hspa8 0.426 6.30E-05 | 3.93E-03 Tentative®39697
Heat shock protein 9 hspa9 0.234 5.29E-02 | 2.54E-01 | Tentative®89-95%8
Heat shock protein 5 hspa5 0.199 9.07E-02 | 3.29E-01 Confirmed?39>%°
Heat shock 10 protein 1 hspel 0.179 6.71E-02 | 2.83E-01 Confirmed?®>!1%
Heat shock 60 protein 1 hspdl 0.163 9.88E-02 | 3.44E-01 Confirmed!!
Hypoxia up-regulated 1 hyoul 0.158 747E-01 | 8.83E-01 Confirmed®3%?

Heat shock protein family A (Hsp70)
member 8B

Heat shock protein 90, alpha (cytosolic),
class B member 1

Fold change values were calculated via label-free quantification. Both non-adjusted p-values as well
as p-values adjusted for FDR using the Benjamini-Hochberg procedure are provided. The last column
indicates the level of confidence ascribed to the manual annotation for that protein being induced by
heat shock. “Confirmed” signifies that the protein has been shown to be up-regulated by heat shock
in zebrafish. “Likely” signifies that the protein has been shown to be up-regulated by heat shock in
other organisms. “Tentative” indicates that existing data suggests a weak increase or that there are
conflicting data in different papers.

hspa8b 0.136 5.31E-01 | 7.56E-01 Likely®

hsp90ab1 0.130 2.58E-01 | 5.62E-01 Tentative®>8

In addition to the heat shock-induced proteins identified, we uncovered other proteins
significantly up- or down-regulated with potentially interesting biological functions in the
context of heat shock (Table S1). For example, nitric oxide synthase-interacting protein

(nosip, logoFC = 1.9363, FDR-adj. p = 1.259x107) modulates nitric oxide signaling, which

102,103 104-106

can be affected by heat stress
Sphingosine-1-phosphate lyase 1 (sgpll, logoFC = 1.9363, FDR-adj. p = 1.259x107), which

and is involved in various cellular stress responses

107-109

is involved in lipid metabolism, plays a role in cell survival and apoptosis , processes

that could be influenced by heat stress!!*-112

. Periaxin, on the other hand, which plays a
crucial role in myelination'*~!'5 is down-regulated (prx, log:FC= -1.0413, FDR-adj. p =

3.647x10%), suggesting that heat shock might affect neural development or maintenance.
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Similarly, the down-regulation of perilipin (plin2, logoFC =-3.2774, FDR-adj. p = 2.839x10

%), a protein associated with lipid droplets, could reflect shifts in energy metabolism in
response to heat stress. Finally, heterogenous nuclear ribonucleoprotein K (hnrpkl, logoFC=
-1.0581, FDR-adj. p = 4.794x10*%) and heterogenous nuclear ribonucleoprotein D (hnrnpd,
logoFC= -1.2785, non-adj. p = 1.176x107?), which are involved in mRNA processing and

16117 "hoth have reduced expression, potentially implicating them upstream of the

regulation
broader gene expression changes observed with heat shock. Further work is required to
dissect the roles (if any) that these proteins play in the heat shock response and how they

affect zebrafish physiology under heat-induced stress.

Proteomic analysis of whole lysates does not reveal up-regulation of the heat-shock
pathway

To assess the extent to which the time-resolved nature of the BONCAT method reveals new
information, we carried out a global proteomic analysis on whole lysates prior to BONCAT
enrichment. In order to compare the same samples before and after BONCAT enrichment,
we set aside a portion of each sample (heat-shocked and control) before the click reaction
and subjected the lysates to LC-MS/MS analysis. As expected, many more proteins were
identified in the unenriched samples (12,206 proteins, Fig. 2.5A), since whole lysates reflect
the entire proteome, whereas BONCAT enrichment selectively isolates newly synthesized
proteins. Using the process described above, we manually annotated proteins in the global
proteomics dataset for which data exists demonstrating their up-regulation in response to heat
shock as “heat shock-induced proteins.” Of the 35 such proteins identified, 8 have
unexpected negative logoFC values in this dataset (Table S2). PCA resulted in poorer
clustering with less pronounced separation between heat-shocked and controls samples
compared to BONCAT-enriched samples (Silhouette score = 0.18 vs 0.41), and the first two
principal components only explain 11.3% and 8.8% of total variance (Fig. 2.5B).
Comparison of these PCA results with those of BONCAT-enriched samples indicates that
BONCAT enables improved differentiation between heat shock and control samples. This is
likely because the presence of pre-existing proteins synthesized before treatment in

unenriched whole lysate samples masks heat shock-induced changes in protein expression.
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Figure 2.5. Global proteomics performed on zebrafish exposed to heat shock identifies 12,206
proteins, but heat shock-induced proteins are not significantly enriched. (A) Venn diagram
indicating the number proteins identified via global proteomics on aliquots of zebrafish lysates set
aside prior to BONCAT enrichment. Control fish were treated with 4 mM AHA for 12 h and kept at
28.5°C, while fish exposed to heat shock were treated with 4 mM AHA for 12 h during incubation
at 32°C. (B) PCA plot shows less defined clustering and poor separation between control and heat
shock samples. PCA was performed using median normalized abundance values. (C) Volcano plot
comparing expression of proteins identified in whole lysates of zebrafish larvae exposed to heat
shock to their expression in control fish. Fold change values were calculated via label-free
quantification. Proteins significantly up-regulated in fish exposed to heat shock are depicted in light
red, whereas proteins significantly down-regulated in fish exposed to heat shock are depicted in blue.
Significance threshold was set to [logoFC| > 1 and FDR-adj. p < 0.05. Horizontal dashed lines depict
p = 0.05 and Benjamini-Hochberg FDR-adjusted p = 0.05. Enlarged, highlighted points indicate
proteins for which data exists demonstrating their up-regulation during heat shock. Dark red signifies
that the protein has been shown to be up-regulated during heat shock in zebrafish. Bright red signifies
that the protein has been shown to be up-regulated during heat shock in other organisms. Orange
indicates that existing data suggests a weak increase or are conflicting across different reports. (D)
Gene set enrichment analysis (GSEA) curve for proteins known to be induced by heat shock, which
were manually annotated as “Heat shock response” for pathway analysis and are denoted with tick
marks along the x-axis. Analysis revealed that this group of proteins is not significantly enriched.
The number of permutations was set to 10,000 for calculation of p-values. n = 8 biological replicates
for each condition.

Differential expression analysis of these whole lysate samples revealed only two proteins

known to be induced by heat shock that were significantly up-regulated in heat shock samples



20
(logoFC > 1 and FDR-adj. p-value < 0.05), with only five significantly up-regulated proteins

and no significantly down-regulated proteins in the dataset (Fig 2.5C). Moreover, GSEA on
global proteomics data did not return “heat shock-induced proteins™ as a significantly up-
regulated gene set (normalized enrichment score = 1.38, FDR-adj. p-value = 0.361) (Fig.
2.5D). In fact, no pathways in the annotation databases considered were found to be

significantly enriched.

Examining the logoFC values of the known heat shock-induced proteins identified in the
BONCAT and global proteomics datasets revealed that the heat shock-induced proteins rank
more highly relative to other proteins in the BONCAT data (Fig. 2.6A), whereas in the global
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Figure 2.6. Proteins induced by heat shock are more enriched in BONCAT proteomics data
compared to global proteomics data. (A, B) Ranked log2FC values for proteins identified in both
heat shock and control samples in BONCAT-enriched samples (A) and in whole lysate samples (B).
log2FC > 1 corresponds to greater expression in heat shock samples, whereas log2FC < 1
corresponds to greater expression in control samples. (C) Scatter plot showing log2FC values for all
proteins identified both via BONCAT proteomics and via traditional global proteomics. While the
overall distribution of protein log2FC values is similar in both datasets, heat shock-induced proteins
had significantly higher log2FC values in the BONCAT proteomics dataset than their corresponding
log2FC value in the global proteomics data (Wilcoxon signed-rank test, p = 0.010). In all plots,
colored dots highlight proteins for which data exists demonstrating their up-regulation during heat
shock. Dark red (“confirmed”) signifies that the protein has been shown to be up-regulated during
heat shock in zebrafish. Bright red (“likely”) signifies that the protein has been shown to be up-
regulated during heat shock in other organisms. Orange (“tentative”) indicates that existing data
suggests a weak increase or that there are conflicting data in different papers.
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proteomics data they are more broadly distributed across the range of values detected (Fig.

2.6B). While a Kolmogorov-Smirnov test confirms that the distribution of heat shock-
induced protein logoFC values is not drawn from the same underlying distribution as the rest
of the proteome in either experiment, the p-value associated with this difference is much
lower in the BONCAT data (KS test p = 6.69x10) compared to the global proteomics data
(KS test p = 0.0341). Furthermore, direct comparison of the logoFC values of the 18 heat
shock-induced proteins identified in both datasets reveals that all but two have higher logFC
values in the data from BONCAT-enriched samples than in the unenriched sample data (Fig.
2.6C) and that this overall increase is statistically significant (Wilcoxon signed-rank test, p =
0.0104). The stronger up-regulation of heat shock-induced proteins in the BONCAT
proteomics dataset compared to the global proteomics dataset provides further evidence that
BONCAT enables improved detection of biologically relevant, stimulus-evoked changes in

protein expression.

2.4 Discussion

Here, we report for the first time the use of BONCAT in zebrafish to perform time-resolved
proteomic analysis. While the labeling of newly synthesized proteins in whole zebrafish
larvae using AHA” and in specific cell-types using ANL® has been reported previously,
enrichment and analysis of BONCAT-labeled proteins via mass spectrometry-based
proteomics have not. We found that AHA-labeled proteins could be enriched and identified
after labeling periods as short as 12 hours, although more proteins were identified after more
extended labeling. After 12 hours, the number of proteins we identified (~2000) is typical of
118-126

other published zebrafish proteomics experiments

older methods that used 2D gels!?%:127:128,

and a substantial improvement over

Using heat shock as a proof of concept, we then demonstrated the ability of the BONCAT
method to detect changes in protein synthesis associated with a transient response that were
not identified via conventional global proteomics. Notably, we were able to do this at 32°C,
which is at the low end of temperatures known to induce a heat shock response in zebrafish

32-39°C)!12%-133 " Although global proteomics enables researchers to identify a greater
gh g
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number of proteins overall, BONCAT was more successful at uncovering biologically

meaningful changes in protein expression. Our global proteomics experiment identified more
proteins than any previously published proteomics data in zebrafish (12,206 proteins,
whereas the largest dataset to date had consisted of 8,363 proteins!?6), yet our BONCAT
proteomics data revealed a greater number of heat shock proteins to be significantly up-
regulated via differential expression analysis. BONCAT proteomics also revealed heat shock
response to be the most significantly altered pathway via GSEA, whereas it did not pass the

threshold of statistical significance in traditional global proteomics using whole lysates.

The majority of proteomics studies in zebrafish to date have been global analyses of whole
lysates, in which the background proteome can obscure changes in protein synthesis that
occur in response to transient signals or environmental stresses, as we observed in our heat
shock experiments. Ribosome profiling and SILAC have been applied in zebrafish to obtain
more time-resolved information about protein expression!3#-13%, Ribosome profiling provides
snapshots of protein synthesis at specified time points by pulling down and sequencing
ribosome-bound mRNAs, whereas SILAC enables the quantitative investigation of protein
expression and turnover dynamics using heavy isotope-labeled amino acids. BONCAT
combines advantages of both of these techniques: enrichment of newly synthesized proteins
prevents high-abundance, unlabeled proteins from overwhelming the signal of lower
abundance proteins of interest, while the use of tagged amino acids enables examination of

protein expression during a user-defined time window of interest.

Future work will lead to further advancements in the sensitivity of BONCAT proteomics in
zebrafish. Time resolution could be improved by reducing labeling times to less than 12
hours. Pushing the limits further, BONCAT could be used for cell-type specific time-
resolved proteomics in zebrafish, taking advantage of more recent work demonstrating the
ability to label newly synthesized proteins in neurons’”?®. Specifically, fish engineered to
express a mutant methionyl-tRNA synthetase under the control of a neuron-specific promoter
are able to incorporate the bulkier amino acid ANL into newly synthesized proteins in

neurons. Cell-type specific BONCAT proteomics has the potential to reveal changes in
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protein expression underlying behavioral phenomena studied in zebrafish, including sleep,

social behavior, learning and memory, stress, and locomotion. However, enriching ANL-
labeled proteins from neurons poses challenges, as the ratio of unlabeled to labeled protein
will be higher than that encountered in AHA-labeling, highlighting the need for improvement
in the BONCAT workflow. While we were able to reduce the number of non-specifically
adsorbed proteins that make it through the enrichment process by using a smaller quantity of
beads in our experiments involving 12 h AHA labeling (30 pL per sample) than in our
experiment with 48 h AHA labeling (40 pL per sample), further optimization of the
BONCAT enrichment protocol described here will be crucial for performing proteomic
analyses of ANL-labeled proteins in zebrafish. Finally, these techniques could be extended
beyond larval zebrafish to juvenile or adult fish, which may be more useful for answering
certain research questions, could reduce the number of fish needed per experiment as each
provides more tissue, and would facilitate the physical dissection of specific organs of

interest.

2.5 Materials and Methods

Zebrafish Husbandry

Animal husbandry and all experimental procedures involving zebrafish were performed in
accordance with the California Institute of Technology Institutional Animal Care and Use
Committee (IACUC) guidelines and by the Office of Laboratory Animal Resources at the
California Institute of Technology (animal protocol 1836). All experiments used wildtype
(hybrid TLAB) zebrafish 4-7 days post fertilization (dpf). Sex is not yet defined at this stage
of development. Fish were raised in an incubator at 28.5°C in petri dishes containing E3
embryo medium (5 mM NaCl, 0.17 mM KCl, 0.33 mM CaCls, 0.33 mM MgSOys) at a density
of 50 zebrafish larvae per dish.

Video tracking of larval zebrafish behavior
In the evening (~8 p.m.), individual 4 dpf zebrafish larvae were placed into wells of 96-well
plates (Whatman, 7701-1651) containing approximately 700 puL of E3 medium. Recording

and analysis of larval zebrafish behavior were performed as previously described’>!%, In
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brief, each 96-well plate was loaded into a custom-modified Zebrabox (Viewpoint Life

Sciences) equipped with a Dinion one-third inch monochrome camera (Point Grey,
Dragonfly 2) fitted with a fixed-angle megapixel lens (Computar, M5018-MP) and infrared
filter. Boxes were continuously illuminated with infrared LEDs and illuminated with white
LEDs from 9 a.m. to 11 p.m. to simulate daylight. The chamber containing the 96-well plate
was filled with continuously circulating water from a tank to maintain a constant temperature
of 28.5°C. Fish movements were captured at 15 Hz and recorded in quantization mode with
I-min time bins. The parameters used for detection were: sensitivity, 30; bursting, 900;
freezing, 10, which were determined empirically. A movement was defined as a pixel
displacement between adjacent video frames preceded and followed by a period of inactivity
of at least 67 ms (the limit of temporal resolution). A minute of sleep was defined as any
continuous one-minute period with no movement based on arousal threshold changes
established by past work”. Average activity was defined as the average amount of activity

in seconds/hour, including sleep bouts.

At 9 a.m. on 5 dpf, warm E3 was added to each well to bring the volume of all wells back to
700 pL to account for evaporation overnight. Using a multi-channel pipette, a 280 uL volume
was subsequently removed from each well. For wells designated as controls, this was
replaced with 280 pL of E3. For treated wells, 280 pL of a filtered and pre-warmed solution
of 10 mM AHA (Iris Biotech, HAA9280) in E3 was added to achieve a final concentration
of 4 mM AHA. Every 12 hours for the duration of the treatment (48 h), wells were
replenished with E3 to return their volume to 700 pL.

Analysis of zebrafish behavioral data from video trackers

Data collected by the Viewpoint video tracker systems were processed in Matlab (R2023b,
The Mathworks, Inc.) using custom scripts (modified from Prober et al., 2006).
VTs to DATA new machines middur.m is a Matlab script that that converts data acquired
by the video trackers to a format that is wuseful for analysis using Matlab.
VT analysis 2019b.m is a Matlab script that analyzes data collected by the Viewpoint video

tracker system to quantify several metrics, including locomotor activity, wake activity, sleep,
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sleep architecture and sleep latency. These scripts and detailed instructions on their use will

be provided upon request.

AHA labeling for BONCAT and FUNCAT in zebrafish larvae

To initiate labeling of newly synthesized proteins in zebrafish larvae, E3 was removed from
petri dishes and replaced with 20 mL 4 mM AHA (Iris Biotech, HAA9280) dissolved in E3,
filtered with a 0.2 pM filter, and brought to 28.5°C prior to treatment. Fish exposed to 48 h
labeling were treated at 5 dpf beginning at 9 am, whereas fish treated with AHA for 12 h
were administered AHA either at 6 dpf at 9 am (day) or at 6 dpf at 9 pm (night). Untreated
control fish had E3 removed from their dishes and replaced with 20 mL fresh E3. Petri dishes
with zebrafish larvae in the 4 mM AHA solution were left in the 28.5°C incubator for the
duration of treatment. After the desired labeling time, the 4 mM AHA solution was removed
from the dishes, and fish were rinsed three times with E3 prior to collection. Zebrafish larvae
to be used for FUNCAT imaging experiments were collected in 1.5-mL Eppendorf tubes (6
fish per tube) and placed on ice for euthanasia via rapid cooling. Zebrafish larvae to be used
for BONCAT proteomics experiments were collected in 5-mL Eppendorf tubes (150 fish
collected from three dishes per 5-mL tube) and placed on ice for euthanasia. After 1 hour,
fish were transferred from the 5-mL tubes to 1.5-mL Eppendorf tubes provided by the
BeatBox Tissue Kit 24x (PreOmics, P.O.00128) with the magnetic bead removed and set
aside. All E3 was removed from the tube, and the remaining pellet of zebrafish was stored at

-80°C until subsequent lysis and chemical enrichment.

FUNCAT imaging of newly synthesized proteins in zebrafish larvae

The FUNCAT protocol was performed as previously described’>’® with some minor
modifications. Zebrafish euthanized on ice were fixed in a solution of 4% paraformaldehyde
(PFA), 4% sucrose, and 0.25% Triton X-100 (Thermo Scientific, 85111) in 1X PBS (Gibco,
10010-023) on a rocker at 4°C overnight. Fixed zebrafish larvae were washed twice with
50% methanol in 1X PBS and twice with 100% methanol before storing in methanol at
—20°C for at least two nights. Fish were then rehydrated through successive 5 min washes

with 75% methanol in PBST (1X PBS with 0.1% Tween-20, Thermo Scientific, 85113), 50%
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methanol in PBST, 25% methanol in PBST, and PBST. Samples were then washed three

times with PBDTT (PBST with 1% DMSO and 0.5% Triton X-100), followed by digestion
with 1 mg/mL collagenase (Sigma-Aldrich, C0130) in PBST for 45 min at room temperature.
After two quick washes with PBST, fish were post-fixed for 20 min in 4% PFA, 4% sucrose,
and 0.25% Triton X-100 in 1X PBS. Fish were once again washed twice briefly with PBST,
followed by three 5-min washes with PBDTT. Permeabilized zebrafish larvae were then
incubated in blocking solution composed of 5% bovine serum albumin (Sigma-Aldrich) and
10% normal goat serum (Sigma-Aldrich, G9023) in PBDTT for 3 h at 4°C on a rocker.
Samples were then washed three times for 10-15 min in PBST adjusted to pH 7.8.

Click reaction solution (0.2 mM TBTA, 0.5 mM TCEP, 5 uM Cy3 alkyne, 0.2 mM CuSOs)
was prepared in a 15-mL Eppendorf tube as follows: the amount of PBST needed to provide
1 mL solution per sample was added, followed by tris(benzyltriazolylmethyl)amine (TBTA,
Sigma-Aldrich, 678937), vortexing for 10 seconds, adding tris(2-carboxyethyl)phosphine
hydrochloride (TCEP, Sigma-Aldrich, C4706) vortexing for 10 seconds, adding Cy3 alkyne
(Vector Laboratories, CCT-TA117), vortexing for 10 seconds, adding CuSO4 (Merck
Millipore, 1.02790), and vortexing for 30 seconds. The solution was filtered through a 0.22
um filter and then added to samples, which were incubated overnight at room temperature
on a rotary tube mixer set to a low speed. The next day, samples were washed four times for
30 min in PBDTT with 0.5 mM EDTA (Invitrogen, AM9260G) then washed twice for 1 h
in PBDTT. Samples were rinsed briefly twice and then washed three times for 5 min with
PBTx (1X PBS with 0.25% Triton X-100). Samples were then washed once for 5 min in 1X
PBS before being transferred to Vectashield (Vector Laboratories, H-1000-10) gradually,
first to a 10% solution, then 25%, 50%, 75%, and finally 100%, waiting until fish sink to the
bottom of the tube before transferring to the next solution. Fish mounted in Vectashield were
imaged using a Zeiss LSM 780 confocal microscope with a Plan-Apochromat 10x/0.45 air
objective. Sulfo-Cy3 was excited with a 561 nm laser, and emitted light was detected

between 538-680 nm. All image processing was carried out using ImageJ (NIH).
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BONCAT labeling during heat shock treatment of zebrafish larvae

For heat shock experiments, E3 was replaced with 20 mL 4 mM AHA in E3 at 9 pm at 6 dpf.
Fish and solution were transferred from petri dishes to 50 mL Falcon tubes. Control fish were
placed in a tube rack in the 28.5°C incubator while fish exposed to heat shock were placed
in a water bath set to 32°C. Animals were exposed to light for the first two hours (9 pmto 11
pm) and then incubated in the dark from 11 pm until 9 am. The lights in the incubator
automatically turn off during this time window to simulate nighttime, and the water bath was
covered to mimic these dark conditions. At 9 am, the fish were rinsed, collected, euthanized,

and stored as described above.

Preparation of zebrafish lysates

After thawing, 500 pL lysis buffer containing 0.2% (w/v) n-dodecyl-p-maltoside (Thermo
Fisher Scientific, 329370010), 2.5% (w/v) sodium dodecyl sulfate (Sigma-Aldrich, L5750),
and 1:1000 EDTA-free protease inhibitors (Millipore, 539134) in 1X PBS was added to each
tube containing zebrafish larvae. The magnetic bead set aside earlier from the PreOmics
BeatBox Tissue Kit was added back to the tube. Prior to homogenization, 1 pl. benzonase
(Sigma-Aldrich, E8263-25KU) was added to each tube and allowed to sit for 5-10 min.
Tubes were then placed in the PreOmics BeatBox tissue homogenizer for 10 min on the
standard setting. Samples were then heated at 95°C for 10 min, and then subjected to one
more cycle of homogenization and heating. Lysates were cleared by centrifugation (20 min,
20,600 g, 4°C) and the supernatants were transferred to Protein LoBind tubes (Eppendorf,
02243108). Protein concentrations in each lysate were measured using the Pierce™ BCA
Protein Assay Kit (performed on aliquots of lysates diluted 10-fold to ensure the
concentrations measured were within the assay’s dynamic range) and normalized across all
samples using 2.5% SDS in PBS, resulting in each sample containing the same mass of
protein (typically 1-3 mg) in a total volume of 500 pL. Lysates were stored at —80°C for

further processing.
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Sample preparation for mass spectrometry

For BONCAT analysis, lysates were first alkylated by treatment with 100 pL. of 600 mM
chloroacetamide (Sigma-Aldrich, C0267) in 0.8% SDS/PBS and incubation on a tube shaker
at 65°C for 30 min in the dark at 1200 RPM. Following alkylation, 600 pL of 8 M urea / 0.85
M NaCl in PBS were added to the lysate (final concentration of urea: 4 M) along with 30 or
40 pL aza-dibenzocyclooctyne (DBCO) agarose beads (Vector Laboratories, CCT-1034).
Lower bead volumes were used for samples with shorter AHA labeling times to reduce the
amount of non-specifically adsorbed proteins that make it through the enrichment process as
background. The copper-free click reaction was incubated on a rotary wheel at a low speed
in the dark at room temperature for 24 h. Samples were centrifuged at 1.5k RCF for 1 min,
the supernatant was removed, and samples were reduced by adding 500 puL of 5 mM
dithiothreitol (Sigma-Aldrich, 43815) in 0.8% SDS/PBS to each sample and incubating on a
tube shaker for 15 min at 70°C and 1200 RPM in the dark. After centrifugation and removal
of supernatant, samples were subjected to another alkylation step using 500 pL. of 40 mM
chloroacetamide and placement on a rotary wheel in the dark at room temperature for 30
min. Beads were then subjected to a series of thorough wash steps to remove nonspecifically
bound proteins, first with 50 mL 0.8% (w/v) SDS in PBS, then with 50 mL urea in 100 mM
tris hydrochloride (pH = 8.0), and finally with 50 mL 20% (v/v) acetonitrile (ACN) in doubly
distilled water. Washed beads were transferred to 1.5-mL Protein LoBind tubes using 10%
ACN in 50 mM ammonium bicarbonate, using 500 puL, then 300 pL, then 300 pL solution
to ensure maximal resuspension and collection of beads from the columns. Samples were

centrifuged at 1.5k RCF for 1 min and all but 100 pL of the supernatant was removed.

On-bead digestion was carried out by adding 0.1 pg trypsin and 0.05 pg endoproteinase LysC
to each sample and incubating overnight on a tube shaker at 37°C and 1200 RPM. The
following morning, samples were spun down at 1.5k RCF for 1 min and the peptide-
containing supernatants were transferred to Pierce™ Centrifuge Columns (Thermo
Scientific, 89868). The process of collecting peptides was repeated with two additional bead
washes, each using 50 pL of the STOP solution from the PreOmics Phoenix Kit (P.0.00023,
Lot Number 0000444362) which were combined with the supernatants in the columns.
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Samples were then centrifuged at 1.5k RCF for 1 min to remove any DBCO-agarose resin

carried over in the supernatants. Samples were desalted and purified using the PreOmics
Phoenix Kit following instructions provided by the manufacturer. After the final elution step,
samples were vacuum concentrated to dryness and resuspended in 10 pL 0.2% formic acid

for subsequent LC-MS/MS analysis.

For global proteomic analysis, a small volume of the concentration-normalized lysates from
AHA-treated fish was set aside prior to BONCAT enrichment. For each sample, the volume
of lysate corresponding to 50 pg protein was digested in an S-Trap micro spin column
(Protifi, USA, C02-micro) according to the manufacturer's instructions. After elution and
drying, samples were desalted using Pierce™ C18 spin columns (Thermo Scientific, §9870)
lyophilized, and then resuspended in 2% acetonitrile, 0.2% formic acid for subsequent LC-

MS/MS analysis.

LC-MS/MS analysis

All samples were analyzed on an Eclipse mass spectrometer (Thermo Fisher Scientific, USA)
coupled to a Vanquish Neo UHPLC system (Thermo Fisher Scientific, USA). Peptides from
BONCAT-enriched samples were separated on an Aurora UHPLC Column (25 cm x 75 pum,
1.7 um C18, AUR3-25075C18-TS, Ion Opticks) with a flow rate of 0.35 pL/min for a total
duration of 1 h and ionized at 1.6 kV in the positive ion mode. The gradient was composed
of 6% solvent B (3.5 min), 6-25% B (41.5 min), 25-40% B (15 min), 40-98% B (2 min), and
98% B (5min), with the remaining volume composed of solvent A, where solvent A is 2%
acetonitrile (ACN, Fisher Scientific, A9554) and 0.2% formic acid (FA, Fisher Scientific,
A11750) in water, and solvent B is 80% ACN and 0.2% formic acid in water. For samples
from whole lysates, 2 pug of peptides were separated on an Aurora Frontier™ column (60 cm
x 75 um, 1.7 um C18, AUR3-60075C18, Ion Opticks) at 0.30 pL/min for a total duration of
2 h and ionized at 1.8 kV. The gradient was composed of 6% solvent B (7.5 min), 6-25% B
(82.5 min), 25-40% B (30 min), 40-98% B (1 min), and 98% B (9 min). MS1 scans were
acquired in the Orbitrap at the resolution of 120,000 from 375 to 1,600 m/z. Automatic gain

control (AGC) was set to a target of 106 and a maximum injection time of 50 ms. MS2 scans
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were acquired in the ion trap using fast scan rate on precursors with 2-7 charge states and

quadrupole isolation mode (isolation window: 1.2 m/z) with higher-energy collisional
dissociation (HCD, 30%) activation type. Dynamic exclusion was set to 30 s. Ion transfer

tube temperature was 300°C and the S-lens RF level was set to 30.

Proteomic data processing and analysis

MS raw files were searched against the Uniprot Danio rerio proteome (UP000000437) using
the Proteome Discoverer 3.0 software based on the SequestHT algorithm. Oxidation /
+15.995 Da (M), deamidated / +0.984 Da (N) were set as dynamic modifications;
carbamidomethylation / +57.021 Da (C) was set as a fixed modification. The precursor mass
tolerance was set to 10 ppm; fragment mass tolerance was set to 0.6 Da. The maximum false
peptide discovery rate was specified as 0.01 using the Percolator Node validated by g-value.
The relative abundance of parental peptides was calculated by integration of the area under
the curve of the MS1 peaks using the Minora LFQ node. The mass spectrometry data have
been deposited to the ProteomeXchange Consortium via the PRIDE!'#! partner repository
with the dataset identifier PXD063084.

Raw protein quantification data exported from Proteome Discoverer 3.0 was imported into
R and analyzed wusing the Tidyproteomics package (version 1.7.3)

(https:/jeffsocal.github.io/tidyproteomics/index.html)'*2. Once imported, the data were

filtered for common protein contaminants and normalized between runs via median
normalization. Differential expression analysis was performed in the Tidyproteomics

package using the limma algorithms (https://bioinf.wehi.edu.au/limma/). All plots, with the

exception of gene set enrichment plots, were generated using a separate analysis pipeline in
Python. Jupyter notebooks with Python code can be provided upon request. Gene set
enrichment analysis to identify significantly up- or down-regulated pathways was performed
in R using the Bioconductor fgsea package

)143

(https://bioconductor.org/packages/release/bioc/html/fgsea.html)'*. Pathway annotations

were drawn from the Gene Ontology (GO) database for biological process, molecular

function, and cellular component, as well as from the WikiPathways and Reactome Pathways


https://jeffsocal.github.io/tidyproteomics/index.html
https://bioinf.wehi.edu.au/limma/
https://bioconductor.org/packages/release/bioc/html/fgsea.html
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databases. Annotations for heat shock-induced proteins were added manually based on a

search of the literature for data showing increase in expression in response to heat shock. All

code can be provided upon request.
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2.6 Supplementary Information

0 mM AHA

4 mM AHA
48 h

Figure S2.1. Images of FUNCAT-labeled proteins after 48 h labeling with 4 mM AHA. 7 dpf
zebrafish larvae were fixed after 48 h metabolic labeling with 4 mM AHA, permeabilized, and
reacted with with 5 pM Cy3 alkyne. Maximum Z-projections of dorsal views of the head and start of
the tail are shown for three unlabeled control larvae (top row) and three larvae labeled with 4 mM

AHA for 48 h (bottom row). Dark spots are pigment spots on the skin of the larvae characteristic of
this stage of development. Scale bar is 100 pm.
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Figure S2.2. Wildtype zebrafish larvae treated with 4 mM AHA are less active and sleep more
than untreated larvae. Locomotor activity (left) and sleep (right) traces for untreated control larvae
(n=80, blue) and larvae treated with AHA (n=79, red). Zebrafish were loaded onto video trackers at
7 pm at 4 dpf, and data acquisition began at 9 am at 5 dpf. Treated fish were given AHA beginning
at 9 pm at 5 dpf, and E3 medium was added to every 12 hours, including at the beginning of data
acquisition, to replenish well volumes that decrease over time due to evaporation. Line and shading
represent mean = SEM. White and black bars on the x-axis indicate day (14 hours, 9 am to 11 pm)
and night (10 hours, 11 pm to 9 am), respectively.
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Table S2.1. Significantly up- and down-regulated proteins in BONCAT-enriched samples from

zebrafish larvae exposed to heat shock.

Description Gene Name Log,(FC) P-Value FDR Adj.
P-Value

Protein-tyrosine-phosphatase ptprr 4.437 5.21E-09 2.52E-06
Heat shock protein family A (Hsp70) member 1B hspalb 2.855 6.77E-08 1.46E-05
Heat shock cognate 70-kd protein,-like hsp701 1.967 5.20E-09 2.52E-06
Sphingosine-1-phosphate lyase 1 sgpll 1.936 5.20E-08 1.26E-05
Si:dkeyp-67a8.4 si:dkeyp-67a8.4 1.919 2.96E-06 3.82E-04
Zinc finger and BTB domain-containing 11 zbtb11 1.905 1.79E-03 3.88E-02
Dnal heat shock protein family (Hsp40) member B1b dnajblb 1.642 8.39E-06 9.55E-04
Nitric oxide synthase-interacting protein nosip 1.612 9.70E-07 1.71E-04
Zinc finger protein X-linked zfx 1.525 2.31E-03 4.65E-02
Zinc finger protein 1027 znf1027 1.514 4.01E-05 2.77E-03
Proteasome 26S subunit ubiquitin receptor, non- psmd2 1.216 8.46E-05 4.82E-03
ATPase 2

Periaxin prx -1.041 2.64E-06 3.65E-04
Zinc finger protein 1011 (Fragment) znf1011 -1.045 6.51E-05 3.94E-03
Heterogeneous nuclear ribonucleoprotein K hnrmpk -1.058 3.96E-06 4.79E-04
Ras-related protein Rab rab38c -1.102 3.22E-05 2.62E-03
Nucleoside diphosphate kinase nme2b.2 -1.737 1.47E-03 3.35E-02
Biogenesis of lysosome-related organelles complex 1 bloc1s3 -1.905 1.61E-05 1.64E-03
subunit 3

Si:ch211-1i11.3 si:ch211-1i11.3 -2.088 2.35E-06 3.50E-04
Titin, tandem duplicate 2 (Fragment) ttn.2 -2.393 3.87E-05 2.77E-03
Periostin, osteoblast-specific factor a postna -2.759 2.60E-12 5.04E-09
Perilipin plin2 -3.277 1.76E-06 2.84E-04
Cystathionine gamma-lyase cth -3.988 1.42E-08 4.81E-06
Coiled-coil domain containing 88C ccde88c -5.413 3.26E-10 3.16E-07

Proteins listed have |log>(FC)| > 1 and Benjamini-Hochberg false discovery rate adjusted p < 0.05.
Red rows are significantly up-regulated proteins whereas blue rows are significantly down-regulated

proteins.
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Raw Abundance

Figure S2.3. Raw abundances of proteins known to be induced by heat shock identified via
BONCAT proteomics are spread across the range of abundances detected. Raw abundance
values for all proteins identified in each biological replicate were calculated using the Proteome
Discoverer software based on peptide abundances measured via LC-MS/MS. Highlighted in yellow
are proteins previously shown to be up-regulated by heat shock, either in zebrafish or in other
organisms. Black dash represents the median raw protein abundance in each sample.
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Table S2.2. Heat shock proteins identified via proteomic analysis of whole lysates.

Gene FDR- Previously Shown

Protein Name Logy(FC) = P-Value Adj. Up-Regulated in
P-Value Heat Shock

Heat shock protein family A (Hsp70) | por1b 3210 | 116B-10 | 890E-07 |  Confirmed™”
member 1B ’ ) )
Heat shock cognate 70-kd protein, | o7, 1.820 | 4.68E-03 | 3.87E-01 Confirmed®
tandem duplicate 2
Heat shock cognate 70 hsc70 1.070 5.00E-06 | 1.30E-02 Confirmed®?$4
DnaJ heat shock protein family (Hspd0) ' g o1, | 0974 | 891E-03 | 448E-01 Tentative®
member B1b ’ ) )
Heat shock protein, - alpha-crystallin- | ) 0.946 | 1.94E-02 | 547E-01 | Confirmed®880144145
related, 1 ’ ) )
Heat shock protein family A (Hsp70) | 1o e 0.812 | 1.14E-01 | 7.16E-01 Likely®?
member 8B ’ ) i Y
HSPA " (heat shock 70kDa) binding | (i, 0.647 | 168E-01 | 7.52E-01 Confirmed®**
protein, cytoplasmic cochaperone 1 ) ) )
DnaJ (Hsp40) homolog, subfamily C, | 4 30 | 0504 | 238E-01 | 7.94E-01 Tentative'4
member 3a
Heat shock protein 90, alpha (cytosolic), | g0.01 1 | 0554 | 1.90E-04 | 121E-01 Confirmed®>
class A member 1, tandem duplicate 1 ) ) ) ’
Heat shock protein 90, alpha (cytosolic), | g0.015 | 0500 | 2.70E-04 | 121E-01 Confirmed®®
class A member 1, tandem duplicate 2 ) ) ) )
Unc-45 myosin chaperone B unc45b 0.357 7.40E-03 | 4.47E-01 Confirmed®> %4
Heat shock protein 4a hspada 0.293 1.84E-02 | 5.44E-01 Likely®33
Serpin peptidase inhibitor, clade H (heat . o6
shock protein 47), member 1b serpinhlb 0.253 7.23E-02 | 6.83E+01 Confirmed
ST13 Hsp70 interacting protein stl3 0.246 3.25E-02 | 6.05E-01 Tentative®’
AHAL, activator of heat shock protein ahsalb 0.175 244E-01 | 7.95E-01 Confirmed*?
ATPase homolog 1b ‘ ' )
Heat shock 10 protein 1 hspel 0.143 1.66E-01 | 7.52E-01 Confirmed®>!®
Heat shock protein 8 hspa8 0.112 1.36E-01 | 7.31E-01 Tentative$39697
Heat shock protein 9 hspa9 0.107 3.88E-01 | 8.50E-01 Tentative®-89-9598
Hypoxia up-regulated 1 hyoul 0.090 3.16E-01 | 8.22E-01 Confirmed®°
Heat shock protein 5 hspa$ 0.080 | 3.76E-01 | 8.41E-01 Confirmed*>*5%°
Crystallin, alpha A Cryaa 0.079 5.70E-01 | 9.05E-01 Confirmed®®%°
Heat shock protein 90, alpha (cytosolic), |y oon1 | 0076 | 3.93E-01 | 8.50E-01 Tentative®S%
class B member 1 ’ ) )
Heat shock protein 4b hspadb 0.073 497E-01 | 8.84E-01 Confirmed®3
Heat shock protein, alpha-crystallin- hspbl1 0.06 795E-01 | 955E-01 Confirmed®:°
related, bl1 ’ ) )
Heat shock protein 90, beta (erp94), | 9001 | 0020 | 731E-01 | 9.43E-01 Confirmed®!
member 1 ’ ’ :
Heat shock 60 protein 1 hspd]1 0.013 8.78E-01 | 9.74E-01 Confirmed'®!
Huntingtin interacting protein K Hypk 0.001 9.97E-01 | 9.99E-01 Likely'*
DnaJ (Hsp40) homolog, subfamily C, | ;.. 0076 | 726E-01 | 9.43E-01 Likely!
member 8 ’ ) )
Prostaglandin E synthase 3b (cytosolic) | ptges3b -0.164 | 2.94E-01 | 8.13E-01 Tentative'>
DnaJ (Hspd0) homolog, subfamily C, |y . g 0393 | 2.95E-01 | 8.13B-01 Likely's!
member 9 ’ ’ :
DnaJ (Hsp40) homolog, subfamily C, | 4 o3, | L0415 | 520E-01 = 8.93E-01 Tentative'4

member 3b



Prostaglandin E synthase 3a (cytosolic) ptges3a -0.454
AHAL1, activator of heat shock protein

ATPase homolog 1a ahsala -1.330
Heat shock protein b8 hspb8 -1.380
Heat shock transcription factor 1 hsfl -1.720

1.08E-01
1.88E-01

5.39E-02
7.80E-02

7.13E-01
7.59E-01

6.64E-01
6.90E-01
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Tentative!3%152
Confirmed'¥’

Confirmed3>$8

Tentative$>!53-156

Fold change values were calculated via label-free quantification. Both non-adjusted p-values as well
as Benjamini-Hochberg-adjusted p-values are provided. The last column indicates the level of
confidence ascribed to the manual annotation for that protein being induced by heat shock.
“Confirmed” signifies that the protein has been shown to be up-regulated during heat shock in
zebrafish. “Likely” signifies that the protein has been shown to be up-regulated during heat shock in
other organisms. “Tentative” indicates that existing data suggests a weak increase or that there are

conflicting data in different papers.
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Raw Abundance

Figure S2.4. Raw abundances of proteins identified in whole lysates. Raw abundance values for
all proteins identified in each biological replicate were calculated using the Proteome Discoverer
software based on peptide abundances measured via LC-MS/MS. Highlighted in bright green are
proteins previously shown to be up-regulated by heat shock, either in zebrafish or in other organisms.
Black dash represents the median raw protein abundance in each sample.
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Chapter 111

TIME-RESOLVED PROTEOMIC ANALYSIS REVEALS CHANGES IN
NEURONAL PROTEIN SYNTHESIS IN RESPONSE TO
ANTIDEPRESSANT-LEVEL DOSES OF KETAMINE

3.1 Abstract

Major depressive disorder poses significant therapeutic challenges for patients, as traditional
antidepressants are characterized by slow onset of action and limited effectiveness.
Ketamine, a rapid-acting antidepressant, alleviates depressive symptoms within hours to
days, yet the molecular basis of these rapid therapeutic effects remains poorly understood.
Here, we employed bioorthogonal noncanonical amino acid tagging (BONCAT) coupled
with mass spectrometry-based proteomics to investigate early changes in neuronal protein
synthesis triggered by antidepressant-relevant doses of ketamine in primary embryonic rat
cortical neuron cultures. Our BONCAT approach selectively captured azidohomoalanine
(AHA)-labeled proteins synthesized within the first 24 hours of ketamine treatment,
revealing a dose-dependent global increase in protein synthesis, with 91% and 68% of
proteins displaying increased expression at 10 uM and 1 pM compared to controls,
respectively. Differential expression analysis identified significant up- and down-regulated
proteins associated with synaptic function and plasticity, cytoskeletal remodeling, cell
signaling, metabolism, and RNA processing. In line with these results, functional enrichment
analysis revealed that ketamine treatment induced significant alterations in pathway
annotations related to synaptic processes, cytoskeletal proteins, and translation. These
findings underscore BONCAT’s ability to capture rapid, transient proteomic responses and
illuminate early protein synthesis events triggered by low doses of ketamine, shedding light

on the proteome dynamics underlying its rapid and sustained antidepressant effects.



54
3.2 Introduction

Major depressive disorder (MDD) is characterized by at least one extended episode involving
changes in mood, interests, and cognition which significantly impact the mental and physical
health of individuals diagnosed with the condition'. MDD is the second-most common
cause of disability in the Unites States*, and 1 in 6 individuals will experience MDD in their
lifetime®. Given the high societal burden imposed by this disorder, developing treatment

strategies is a top priority for the public health establishment.

Current first-line treatment regimens for MDD involve a class of medications known as
selective serotonin reuptake inhibitors (SSRIs) which bind to reuptake transporters (SERT)
for serotonin (5-HT) on serotonergic neurons®?. While SSRIs have provided many patients
with relief from depressive symptoms, 30-60% of MDD patients do not experience
therapeutic effects from these drugs or eventually experience relapse in symptoms!®!4,
Furthermore, these compounds can give rise to unpleasant side effects, including sexual
dysfunction, insomnia, nausea, fatigue, and weight gain from changes in appetite!>-!".
Perhaps most concerningly, even patients who do respond to SSRIs experience a “therapeutic
lag” of 2-6 weeks before the drugs have a meaningful effect'®2!, a period that for some is

accompanied by increased anxiety and risk of suicidality, particularly in adolescents?>23.

In recent years, rapid-acting antidepressants (RAADs) have garnered considerable attention
for their ability to alleviate depressive symptoms within hours to days?*2°. Among the most
widely studied of these RAADs, low, sub-dissociative doses of ketamine, an N-methyl-D-
aspartate receptor (NMDAR) antagonist used for decades as a dissociative anesthetic, have
demonstrated efficacy in MDD patients on a time scale much faster than SSRIs, with
sustained effects lasting even after drug clearance?’ . This accelerated antidepressant effect
is particularly beneficial for patients who are at high risk of self-harm or who have not
responded to multiple rounds of conventional medications. These findings led to the approval
of a nasal spray formulation of the S-enantiomer of ketamine (Spravato®, by Janssen
Pharmaceuticals), approved by the FDA in 2019 for patients with treatment-resistant

depression (TRD)?!. While initially approved for use in conjunction with an oral
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antidepressant, just this year, the FDA also approved its use as a standalone treatment,

making it the first monotherapy for TRD.

Despite significant interest and clinical use, the mechanisms underlying ketamine's rapid
antidepressant effects remain largely mysterious. Initially, ketamine was believed to exert its
therapeutic effects through direct inhibition of NMDARs, particularly on GABAergic
interneurons, leading to disinhibition and enhanced glutamatergic signaling®?3. This burst
of activity is thought to trigger downstream signaling pathways, including mammalian target
of rapamycin (mTOR)**, brain-derived neurotrophic factor (BDNF)®, and extracellular
signal-regulated kinase (ERK)/mitogen-activated protein kinase (MAPK) cascades®®3,
which ultimately promote synaptogenesis and enhance synaptic plasticity’®3?. Nevertheless,
questions remain regarding which molecular and cellular pathways are altered by ketamine
treatment, the temporal dynamics involved, and how these contribute to sustained
antidepressant effects. A more complete understanding could pave the way for treatments
that harness ketamine’s rapid antidepressant properties while minimizing its dissociative

effects and the potential for abuse that can arise at higher doses** 2,

Proteomic studies investigating ketamine's effects have begun to address some of these gaps.
Previous proteomic analyses of cerebrospinal fluid (CSF), brain tissue, and neuronal cultures
have identified ketamine-induced alterations in proteins and pathways associated with
synaptic transmission, neuroplasticity, mitochondrial energy metabolism, immune
responses, and oxidative stress* 7. Several of these studies specifically implicate changes
in AMPA receptor signaling, mTOR-related pathways, and growth factor signaling
cascades**" However, conventional proteomics approaches performed on whole lysates
provide static snapshots of the proteome. The inability of these workflows to distinguish
between proteins expressed before versus after ketamine exposure makes it challenging for
them to capture rapid and transient changes that occur immediately after treatment. This
temporal ambiguity is particularly problematic when studying a fast-acting compound like

ketamine, whose effects are likely to evolve within hours of administration.
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Time-resolved proteomic techniques that specifically isolate newly synthesized proteins

offer a solution to this obstacle. By capturing changes in protein synthesis within defined
time windows, these approaches can reveal early molecular events responsible initiating
downstream therapeutic processes. One such technique is bioorthogonal noncanonical amino
acid tagging (BONCAT)**>!, which enables selective enrichment and identification of newly
synthesized proteins via metabolic labeling with chemically modified amino acids. Most
commonly, the azide-bearing methionine (Met) surrogate azidohomoalanine (AHA) is
incorporated into newly synthesized proteins in competition with methionine after activation
and charging by the host’s endogenous methionyl-tRNA synthetase (MetRS). AHA-labeled
proteins can then be affinity-purified via covalent attachment to alkyne-functionalized
beads—either by a Cu(I)-catalyzed [3 + 2] azide-alkyne cycloaddition (CuAAC)>>%3, or by
a strain-promoted [3 + 2] azide-alkyne cycloaddition (SPAAC)**—and subsequently

identified using mass spectrometry>%>!

. Since azides and alkynes are rare in naturally
occurring biological systems> 7, the azide-alkyne “click” reaction is highly selective toward
AHA-labeled proteins. Although depletion of methionine to maximize replacement by AHA
can lead to altered protein abundances, competitive labeling at modest levels can be achieved
without causing substantial disruption of the proteome . Thus, by facilitating the separation
of proteins expressed in response to drug treatment from pre-existing proteins, many of
which are highly abundant and can obscure signal from newly synthesized proteins,
BONCAT overcomes limitations of traditional proteomic methods. Indeed, BONCAT has
been used to perform time-resolved proteomics in in vitro cultured neurons to examine
transient changes in protein expression in response to a variety of pharmacological

perturbations®®-3,

In this study, we used BONCAT to investigate the impact of antidepressant-relevant
concentrations of ketamine on de novo protein synthesis in primary cortical neurons. By
labeling, enriching, and analyzing proteins synthesized within the first 24 h of treatment, we
uncovered significant and broad changes in the neuronal proteome induced by ketamine. Our
data revealed a global increase in protein synthesis upon exposure to ketamine, as well as

altered expression of proteins involved in synaptic plasticity, cytoskeletal remodeling, intra-
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and intercellular signaling, metabolism, RNA processing, and translation. These findings

shed new light on the molecular underpinnings of ketamine’s antidepressant effects and
illustrate the utility of BONCAT-based proteomics for investigating drug-dependent changes

in the neuronal proteome.

3.3 Results and Discussion

BONCAT reveals ketamine-induced increase in neuronal protein synthesis

In order to investigate changes in neuronal protein expression underlying the rapid
antidepressant effects of low doses of ketamine, primary embryonic rat cortical neurons were
simultaneously treated with ketamine and AHA to label proteins synthesized during the first
24 h of treatment (Fig. 3.1). Choosing an appropriate in vifro concentration to elucidate
ketamine’s effects on neurons is not straightforward, as the actual concentration of ketamine
experienced by its neuronal targets in vivo remains poorly defined. Our incomplete
understanding of ketamine’s neuropharmacology is due both to the unknown identity of the
molecular mediator or mediators of its antidepressant action, as well as to the technical
challenges of measuring drug levels within specific subcellular compartments®*. Moreover,
ketamine is metabolized on the timescale of minutes to hours®-%, leading to variable
concentrations of both parent compound and active metabolites in the brain that can only be
roughly approximated in vitro. Past in vitro studies aiming to probe the mechanisms
underlying ketamine’s antidepressant effects have used concentrations ranging from 0.1 to
10 uM3789-73 - We selected two different concentrations to compare with untreated controls:
10 uM ketamine (racemate), representing the higher end of this range, to maximize the
likelihood of detecting significant changes in protein expression in our BONCAT-enriched
samples; and 1 pM ketamine (racemate), a mid-range dose that more closely reflects
ketamine concentrations measured in cerebrospinal fluid (CSF) following administration of
sub-anesthetic antidepressant doses of ketamine, which typically fall between 0.2 and 2.5

uM across studies®®’+76,
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Figure 3.1. BONCAT enables labeling, chemical enrichment, identification, and proteomic
analysis of newly synthesized proteins in primary neuron cultures. (A) Chemical structures of
methionine and azidohomoalanine (AHA). (B) Schematic showing the experiment discussed in this
paper. To investigate protein expression during treatment with low doses of ketamine, AHA was
added to primary embryonic rat cortical neurons (18 DIV) alongside different concentrations of the
drug. AHA-labeled proteins were enriched via covalent attachment to DBCO-agarose beads using
copper-free strain-promoted [3 + 2] azide—alkyne cycloaddition. Peptides released via on-bead
enzymatic digestion were subsequently identified via LC-MS/MS for downstream proteomic
analysis. Created in BioRender. Miller, S. (2025) https://BioRender.com/tagz43n

Analysis of BONCAT-enriched samples via mass spectrometry revealed that ketamine-
treated samples had overall higher raw abundances than untreated control samples. Of
proteins identified in both 10 pM ketamine-treated samples and in untreated controls, 91%
had higher average raw abundances in the treated samples (Fig. 3.2A). While less
pronounced, this effect was also observed at lower doses, where 68% of proteins identified
in both 1 pM ketamine-treated samples and in controls had higher average raw abundances
in the ketamine-treated samples (Fig. 3.2B). Given that total cell lysate concentrations were
normalized across all samples prior to enrichment, these results are indicative of greater AHA
labeling and therefore greater levels of protein synthesis in neurons exposed to ketamine.
Previously, Li et al. demonstrated that treatment with a sub-anesthetic dose of ketamine
activates mTOR signaling in rat brains, leading to increased synthesis of various synapse-
associated proteins**. More recently, preliminary results presented by Creeney et al. showed

a rapid, dose-dependent increase in protein synthesis in primary cortical neuron cultures
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treated with ketamine by measuring puromycin incorporation’’. Our findings provide further

evidence that ketamine induces a broad increase in protein synthesis across the neuronal

proteome.
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Figure 3.2. BONCAT proteomics reveals ketamine-induced increase in protein synthesis in
primary cortical neurons treated with ketamine. (A) Empirical cumulative distribution function
(ECDF) depicting the log ratios of the average raw abundances of proteins identified in neurons
treated with 10 uM ketamine to their average raw abundances in untreated control samples. (D)
ECDF depicting the log ratios of the average raw abundances of proteins identified in neurons treated
with 1 uM ketamine to their average raw abundances in untreated control samples. Shading on
ECDF curves represents 95% confidence intervals. n = 5 biological replicates for each condition.

Ketamine treatment results in significant changes in expression of proteins involved in
synaptic function and plasticity, cytoskeletal dynamics, cell-cell signaling, metabolism,
and RNA processing

Differential expression analysis of proteomics data from BONCAT-enriched samples
revealed 62 significantly up-regulated proteins (log2FC > 1, adj. p < 0.05) and 84
significantly down-regulated proteins (logoFC < 1, adj. p < 0.05) in samples treated with 10
UM ketamine compared to controls (Fig. 3.3).

Changes in synapse-associated proteins suggest changes in synaptic function and
plasticity induced by ketamine
Differential expression analysis of proteomics data from BONCAT-enriched samples

revealed 62 significantly up-regulated proteins (log2FC > 1, adj. p < 0.05) and 84
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significantly down-regulated proteins (logoFC < 1, adj. p < 0.05) in samples treated with 10

UM ketamine compared to controls (Fig. 3.3).
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Figure 3.3. Differential expression analysis of BONCAT proteomics data identifies 146
proteins with significantly up- or down-regulated expression in 10 pM ketamine-treated
neurons compared to untreated neurons. Volcano plot comparing expression of BONCAT-
enriched proteins from primary cortical neurons treated with 10 pM ketamine to their expression in
untreated controls. Fold change values were calculated via label-free quantification. Proteins
significantly up-regulated in ketamine-treated neurons are depicted in red, whereas proteins
significantly down-regulated in ketamine-treated neurons are depicted in blue. Yellow points
designate semaphorins identified in the dataset, and orange points designate collapsin response
mediator proteins identified in the dataset. Significance threshold was set to [log>(FC)| > 1 and p <
0.05. Horizontal dashed lines depict p = 0.05 and Benjamini-Hochberg false-discovery rate (FDR)-
adjusted p = 0.05.

Several of these proteins have been implicated in synaptic function and plasticity.
Metabotropic glutamate receptor 1 (Grml, log:FC = 2.19, adj. p = 0.00566) is a member of
a class of receptors known to modulate neuronal excitability and synaptic transmission’®,
While recent work has shown that metabotropic glutamate receptor 5 might play a role in
ketamine’s antidepressant effects”%’, and metabotropic glutamate receptors 2 and 3
antagonists have been shown to enhance them®!, Grm1 has not yet been investigated in the
context of ketamine treatment. Extracellular leucine-rich repeat protein (Elfn2, logoFC =
1.20, adj. p = 5.69x107), which is also up-regulated, is a postsynaptic adhesion molecule that

binds presynaptic group III metabotropic glutamate receptors, and Elfn2 knockout mice



61
display a range of neuropsychiatric behaviors®2. Activin receptor type-2A (Acvr2a, log,FC

= 1.61, adj. p = 1.10x107) up-regulation in response to ketamine treatment is intriguing, as
well, as activin has been shown to mediate the antidepressant response of mice to the SSRI
fluoxetine®, and to potentiate signaling via NMDARs®*. Furthermore, we observed an
increase in expression of proteins involved in calcium signaling and homeostasis, namely
plasma membrane calcium-transporting ATPase 2 (Atp2b2, log2FC = 1.00, adj. p =0.00201)
and hippocalcin-like protein 4 (Hpcal4, log2FC = 1.47, adj. p=0.00176), a neuronal calcium
sensor. Additional significantly up-regulated proteins involved in synaptic plasticity include
calcium/calmodulin-dependent phosphodiesterase 1B (Pdelb, logFC = 1.34, adj. p =
0.00621), which plays a role in memory consolidation® and whose deletion results in a
depression-like phenotype®S, protein-tyrosine kinase 2-beta (Ptk2b, logoFC = 1.19, adj. p =
5.69x107), a calcium-activated kinase involved in dendritic spine regulation and synaptic

signaling®”%8, and MDGA1 (Mdgal, log:FC = 1.24, adj. p = 0.00482), which suppresses

89,90 91,92

inhibitory synapse formation®”~" and has been implicated in psychiatric disorders

Proteins involved in synaptic function were also identified among proteins significantly
down-regulated in response to treatment with 10 uM ketamine. Notably, a reduction in
expression of SynGAP (Syngapl, logoFC = —2.85, adj. p = 2.52x10°) has previously been
demonstrated to enhance dendritic morphogenesis and excitatory synapse strength in human-
induced pluripotent stem cells>. However, a seemingly contrasting second study by the same
group of researchers showed that SynGAP1 promotes experience-dependent synapse
strengthening in mouse brains in vivo®®. It is possible that the role of SynGAP1 switches from
developing neurons to mature circuits, but its function in modulating synaptic strength in the
context of ketamine treatment is unknown. Another interesting down-regulated protein is
tissue-type plasminogen activator (Plat, logoFC = —1.08, adj. p = 9.52x10%), whose many
roles include inducing synaptic vesicle endocytosis®, influencing synaptic glutamate
release”, and conversion of proBDNF to BDNF (brain-derived neurotrophic factor)’’, a

protein known to be involved in the pathophysiology of depression®®-10,
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We also observed a significant reduction in expression of gamma-aminobutyric acid

(GABA) receptor subunit epsilon (Gabre, logoFC = —1.63, adj. p = 1.10x107), which is
involved in mediating inhibitory neurotransmission in the brain. GABA receptors,
particularly GABAAx receptors (GABAAaRs), have been implicated in the pathophysiology of
depression and in studies examining ketamine’s rapid-acting antidepressant effects. MDD is
associated with reduced cortical GABA concentrations, impaired GABAergic inhibition, and
altered GABAAR subunit expression; while there is no direct evidence that antidepressants
reverse subunit-level transcriptional changes, chronic treatment with monoaminergic
antidepressants has been shown to normalize brain GABA levels, restore inhibitory tone, and
ameliorate behavioral and neuroendocrine abnormalities in both human patients and
GABAAR-deficient mouse models!?"!%, Furthermore, researchers have proposed that
ketamine’s RAAD effects involve inhibition of NMDARs on GABAergic cortical

interneurons' %4106

, and GABAAR-mutant mice, which display molecular and behavioral
markers of depression, exhibit potentiation of cortical GABAergic synapses by ketamine!'?’.
While this specific GABAAR subunit has not been widely studied, it has been shown to be

promiscuous in its ability to assemble into various positions in the receptor complex!%.

Another down-regulated protein involved in synaptic transmission is cystathionine beta-
synthase (Cbs, log:FC = —3.44, adj. p = 1.68x10*), which catalyzes the production of
hydrogen sulfide, a gasotransmitter that has been detected in the brain and reported to be

109,110 We also observed

involved in neuromodulatory processes and synaptic remodeling
the down-regulation of a few neuropeptides or neuropeptide precursors involved in neuronal
signaling, including pro-neuropeptide Y (Npy, log:FC = —1.55, adj. p = 0.0204),
proenkephalin-A (Penk, logoFC = —2.34, adj. p = 0.00524), and secretogranin-2 (Scg2,
logoFC = —1.62, adj. p = 2.46x107). Other down-regulated synaptic proteins include
slingshot protein phosphatase 1 (Sshl, logzFC = —5.17, adj. p = 1.04x10*%), which is
necessary for dendritic spine remodeling involved in structural plasticity!'!!, Kallikrein 8
(KIk8, log2FC = —2.73, adj. p = 0.00416), a protease that regulates dendritic growth critical
for long-term potentiation (LTP)!!'%!13 septin 9 (septin9, logoFC = —2.58, adj. p = 0.0340),

which promotes neurite outgrowth and also interferes with NDMA receptor subunit transport
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14115 "and spermatogenesis-associated protein 5 (Spata5, logoFC = —2.55, adj.

into dendrites
p = 0.00247), which plays an important role in cortical neuron development and axonal
growth!!®, Finally, we also detected significantly reduced expression of F-actin
monooxygenase MICAL2 (Mical2, log,FC = —1.40, adj. p = 9.66x107), an inducer of actin
depolymerization activated by semaphorin 3A"7!1? (Sema3a, logzFC = —1.20, adj. p =
0.00231), a key regulator of axon guidance and dendritic growth also found in our data to be

down-regulated in ketamine-treated samples'?°,

Changes observed in expression of structural proteins involved in cytoskeletal
dynamics and neuronal morphology

Several proteins mentioned above contribute to the remodeling of dendrites, axons, or
synapses via interactions with cytoskeletal and other structural proteins in neurons. Other
proteins involved in cytoskeletal dynamics or defining cell structure that were differentially
expressed in neurons treated with 10 uM ketamine include failed axon connections homolog
(Faxc, logoFC = 2.74, adj. p = 0.00936), microtubule-associated scaffold protein 2 (Mtus2,
logFC = 1.06, adj. p = 0.00101), tensin 1 (Tnsl, logFC = —1.12, adj. p = 9.66x107),
tropomodulin-1 (Tmod1, logoFC =—1.15, adj. p=0.00118), actin filament-associated protein
1 (Afapl, logoFC = —1.76, adj. p = 9.23x10%), cytoplasmic linker-associated protein 1
(Claspl1, logoFC = —1.61, adj. p = 0.0395), and cytokeratins Krtl (logoFC =—1.57, adj. p =
0.0469), Krt10 (logoFC = —2.24, adj. p = 0.0336), Krtl17 (log2FC = —1.60, adj. p = 0.0149),
and Krt28 (logoFC = —2.12, adj. p = 0.0460). Extracellular matrix proteins produced and
secreted by neurons also play critical roles in neural circuit formation, axon guidance, and
synaptogenesis'?!. La-related RNA-binding protein 6 (Larp6, log:FC = —2.10, adj. p =
0.0491), which showed decreased expression in our dataset, post-transcriptionally regulates
the expression of collagen, the most abundant protein in the ECM. The alteration in
expression of this set of proteins paints a picture of altered neuronal morphology and rapid

neural circuit restructuring in response to ketamine treatment.
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Altered expression of signaling proteins in ketamine-treated neurons

Multiple significantly differentially expressed proteins in 10 uM ketamine-treated samples
are involved in intracellular signal transduction. Up-regulation of adenylate cyclase type 6
(Adcy6, logFC = 2.35, adj. p = 0.00126), which catalyzes the conversion of ATP to the
second messenger cAMP, suggests enhanced cAMP-dependent signaling, a pathway known
to modulate neuronal plasticity and synaptic transmission'?*1%5, Additionally, two kinases
involved in upstream ERK/MAPK signaling—MAP kinase kinase kinase 1 (Map3kl,
logoFC = 1.20, adj. p = 1.74x10#) and STE20-related kinase (Stk39, log,FC = 1.39, adj. p =
0.0463)—were also up-regulated. The ERK/MAPK signaling pathway is activated in diverse
cellular processes, including cytoskeletal dynamics and stress responses, and has also been
126,127

linked with depression
related protein Rap-2 (Rap2c, logoFC = 1.79, adj. p = 0.0159) and Ras-like without CAAX

. Several small GTPases were also up-regulated, including Ras-

2 (Rit2, logosFC = 1.02, adj. p = 5.21x10%). These proteins are involved in pathways that have
been shown to play roles in neuronal synaptic plasticity, synapse formation, and neurite
outgrowth!?-13!1 " Dysregulation of Rit2 expression has also been implicated in

132,133

neuropsychiatric disorders, including Parkinson’s disease and schizophrenia , raising

the possibility that it may also play a role in the antidepressant action of ketamine.

Conversely, certain down-regulated proteins point to reduced activity of specific signaling
modules. The hyperpolarization-activated cyclic nucleotide-gated channel 1 (Henl, log,FC
= —1.08, adj. p = 0.00446) was significantly down-regulated. Henl is a key regulator of
neuronal excitability and rhythmic firing through its role in generating the inward

134,135

hyperpolarization-activated current Iy . Intriguingly, reduced Hcnl expression or

136 and ketamine

function has been associated with antidepressant-like behaviors in rodents
has been reported to inhibit Henl-Hen2 heteromeric channels in a subunit-specific
manner'®’, Another study showed that HCN1 knockout mice failed to show ketamine-
induced behavioral responses in a chronic stress model, highlighting the relevance of changes
in Henl expression to ketamine's mechanism of action'*8, Additional down-regulated

signaling proteins include A-kinase anchor protein 13 (Akapl3, logoFC = —1.14, adj. p =
0.0458), and TGF-beta-activated kinase binding protein 2 (Tab2, logoFC = —1.75, adj. p =
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0.0103), which act respectively as a scaffold for complex assembly and as an adaptor for

pathway activation in multiple intracellular signaling cascades!'3*~'%,

Significant changes in expression of proteins involved in membrane trafficking, lipid
composition, and vesicular transport

Treatment with 10 uM ketamine led to the up-regulation of several proteins involved in
membrane trafficking and vesicular transport, consistent with increased synaptic remodeling.
Tepsin (logoFC =7.75, adj. p=0.00301), an accessory subunit of the AP-4 complex involved
in neuronal lysosome transport, was significantly up-regulated, suggesting enhanced
clathrin-mediated vesicle formation and trafficking'#*. Cubilin (Cubn, log>FC = 3.10, adj. p
=2.35x107), an endocytic receptor involved in cellular uptake of vitamins and lipoproteins,
also exhibited increased expression'#>!46_ as did TBC1 domain family member 15 (Tbc1d15,
logosFC = 2.38, adj. p = 0.0138), a known Rab GTPase-activating protein, and Golgi
membrane protein 1 (Golm1, log2FC = 1.24, adj. p = 0.00176). These proteins are involved
in endosomal sorting and trafficking from the Golgi apparatus, hinting at a general
upregulation of intracellular transport systems. Changes in proteins involved in lipid
metabolism were also observed; in addition to Golm1, which also plays a role in sphingolipid
metabolism'#’, phosphatidate cytidylyltransferase 1 (Cds1, logoFC = 1.36, adj. p = 0.00899)
and acid sphingomyelinase-like phosphodiesterase 3b (Smpdl3b, log,FC = 1.30, adj. p =
0.00257) were up-regulated, implying increased synthesis and turnover of membrane lipids.
These changes could support dynamic changes in membrane composition necessary for

synaptic plasticity.

Meanwhile, several proteins involved in lipid transport and organelle dynamics were
significantly down-regulated, including ATP-binding cassette sub-family A member 2
(Abca2, logoFC =—1.07, adj. p = 1.64x10%), Golgin subfamily A member 4 (Golga4, log>FC
= —1.10, adj. p = 0.0170), and peroxisomal biogenesis factor 11 beta (Pex11b, log,FC =
—1.20, adj. p = 0.00442). Proteins related to fatty acid metabolism, including elongation of
very long chain fatty acids protein 5 (Elovl5, logoFC =—1.65, adj. p = 0.0204) and very-long-
chain 3-hydroxyacyl-CoA dehydratase (Hacd2, logoFC = —3.87, adj. p = 0.0192), were also
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down-regulated, suggesting a decrease in production of certain membrane lipid species.

Furthermore, dynein heavy chain domain 1 (Dnhdl, logoFC =—1.10, adj. p = 0.00193) and
Rab27b (logoFC = —1.25, adj. p = 0.00113), both of which mediate vesicle transport and
docking!*¥1% were significantly differentially expressed, suggesting broad modulation of

vesicle trafficking machinery.

Increase in proteins involved in cellular metabolism

Proteins involved in energy metabolism and mitochondrial function were up-regulated in
ketamine-treated neurons. Nucleoside diphosphate kinase 5 (AkS, logoFC = 1.43, adj. p =
3.17x10%), which is involved in maintaining nucleotide pools for ATP and GTP synthesis'*°,
and mitochondrial ribonuclease P protein 1 (Prorp, logoFC = 1.32, adj. p = 0.0448), essential
for mitochondrial tRNA processing!'>!, both showed increased expression. ATP-binding
cassette sub-family D member 4 (Abcd4, logoFC = 1.01, adj. p = 0.0133), a transporter
involved in vitamin B12 metabolism!>2, was also up-regulated. These changes may reflect
heightened metabolic demand in response to increased protein synthesis and synaptic

remodeling.

Reduced expression of proteins with roles in RNA processing

Several proteins involved in transcriptional regulation, RNA processing, and translation and
were significantly down-regulated following ketamine treatment. For example, Nol7 (log2FC
=—1.01, adj. p = 0.0272) and Nol10 (logoFC =—1.09, adj. p = 0.00189), which are involved
in ribosome biogenesis!>*!1>*, both had significantly reduced expression. Notably, eukaryotic
translation initiation factor 4E-binding protein 2 (Eif4ebp2, logoFC =—1.10, adj. p=0.0127),
a downstream target of mTOR signaling, was also down-regulated. This finding is
particularly interesting given that 4E-BP2 plays a key role in regulating translation at the

155157 Furthermore,

synapse and is critical for the rapid antidepressant effects of ketamine
since 4E-BP2 represses translation by binding to eIlF4E to block the formation of the
translation initiation complex, a decrease in 4E-BP2 expression would result in an increase
in cap-dependent translation, in agreement with the increase in protein synthesis we detected

using BONCAT in neurons treated with ketamine.
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Transcriptional regulators were also broadly down-regulated. Some zinc finger proteins,
including Zfp518b (logoFC = —1.04, adj. p = 0.0196), Z{p536 (log:FC = —1.51, adj. p =
6.39x107%), Zfp91 (logoFC = —1.81, adj. p = 0.00122), and Znf260 (logoFC = —8.40, adj. p =
0.00265), showed significantly reduced expression, along with additional transcription
factors such as MYB proto-oncogene-like 1 (Mybll, log:FC = —1.03, adj. p = 0.0188),
PR/SET domain 15 (Prdml5, logoFC = —1.06, adj. p = 000482), and BCL6 co-repressor
(Bceor, logoFC =—1.51, adj. p = 0.00418). This collective down-regulation suggests ketamine
may suppress certain gene regulatory programs, potentially to shift transcriptional resources
toward immediate-early or activity-dependent genes that support synaptic remodeling and

plasticity.

Fifteen proteins found to be differentially expressed in neurons treated with 1 pM
ketamine

Treatment with 1 uM ketamine resulted in fewer proteins being significantly up- or down-
regulated in our normalized data after controlling for false discovery rate (FDR), likely a
result of less pronounced changes in protein expression in response to lower doses of
ketamine. We found six significantly up-regulated proteins and nine significantly down-
regulated proteins in 1 uM ketamine-treated samples compared to controls (Fig. 3.4). The
majority of these proteins were also found to be significantly differentially regulated in
samples treated with 10 uM ketamine, including several discussed above: Tepsin (log2FC =
8.26, adj. p = 0.00303) and Cubilin (Cubn, logoFC = 3.11, adj. p = 7.64x10**), which are
involved in membrane trafficking and vesicle formation, secondary messenger cAMP-
synthesizing enzyme Adcy6 (logFC = 1.83, adj. p = 0.0369), mRNA spliceosome
component Snrnp40 (logoFC = 1.24, adj. p = 0.0100), and proteins involved in synapse
formation, synaptic transmission, and neurite outgrowth such as Penk (logoFC = —1.64, adj.
p=0.0149), Gabre (log2FC =-2.00, adj. p=10.0149), Ssh1 (logoFC =—5.26, adj. p=0.0149),
Spata5 (logoFC =—2.47, adj. p = 0.0346), and Cbs (logoFC =-2.90, adj. p=0.00303). Some

proteins were found to be down-regulated in samples treated with 1 uM ketamine but not in
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samples treated 10 uM ketamine. One such protein, protocadherin beta 4 (Pcdhb4, log,FC =

—4.86, adj. p = 7.64x10%), is a cell adhesion molecule known to play a role in neural
development and to be involved in multiple aspects of neural circuit formation, including
dendrite arborization, axonal outgrowth, and synaptogenesis!'>8. Another is Mapk11 (log,FC
=—7.53, adj. p = 0.0113), another protein involved in MAPK signaling, mentioned above as
one of the signaling pathways with components differentially expressed upon exposure to 10

uM ketamine.

p-value

Log,(1 uM Ketamine / Control)

Figure 3.4. Differential expression analysis of BONCAT proteomics data identifies 15 proteins
with significantly up- or down-regulated expression in 1 pM Kketamine-treated neurons
compared to untreated neurons. Volcano plot comparing expression of BONCAT-enriched
proteins primary cortical neurons treated with 1 uM ketamine to their expression in untreated
controls. Fold change values were calculated via label-free quantification. Proteins significantly up-
regulated in ketamine-treated neurons are depicted in red, whereas proteins significantly down-
regulated in ketamine-treated neurons are depicted in blue. Yellow points designate semaphorins
identified in the dataset, and orange points designate collapsin response mediator proteins identified
in the dataset. Significance threshold was set to [log2(FC)| > 1 and p < 0.05. Horizontal dashed lines
depict p = 0.05 and Benjamini-Hochberg false-discovery rate (FDR)-adjusted p = 0.05.

General increase in expression of semaphorins and decrease in expression of
collapsin-response mediator proteins
Our observation that Sema3a expression decreased in response to 10 uM ketamine treatment

prompted us to investigate other semaphorins and other proteins in our dataset involved in
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neurite outgrowth via semaphorin signaling. We identified nine semaphorin proteins in our

dataset: Semada, Sema4f, Sema6a, Sema6d, Sema7a, Sema3e, Sema3c, Sema5Sb, and
Sema3a. Class III semaphorins are soluble, whereas class IV, V, and VI semaphorins are
transmembrane proteins and class VII semaphorins are membrane-bound through a
glycosylphosphatidylinositol anchor. In our differential expression analysis comparing 10
uM ketamine-treated neurons to untreated controls, eight of the nine semaphorins detected
had decreased expression (log2FC < 0), although most of these changes were not statistically
significant after FDR adjustment. The only up-regulated semaphorin in our dataset was
Semad4a (log2FC =1.97, adj. p=0.00122), which is primarily implicated in immune signaling
by enhancing T-cell activation and less involved in neurite outgrowth (Fig. 3.3, Table

3.1)159,160.

Table 3.1. Differential expression of semaphorin proteins identified in 10 pM ketamine
treated samples and controls

Protein Gene Name Log,FC P-Value Fl?_ 5;?:3'
Semaphorin 4A semada 1.973 2.90E-05 1.22E-03
Semaphorin 4F semadf -0.039 7.12E-01 8.09E-01
Semaphorin 6A semaba -0.134 1.07E-01 2.24E-01
Semaphorin 6D sema6d -0.162 1.35E-01 2.60E-01
Semaphorin 7A sema’a -0.225 7.35E-01 8.27E-01
Semaphorin 3E sema3e -0.466 7.70E-03 3.63E-02
Semaphorin 3C sema3c -0.593 5.06E-03 2.74E-02
Semaphorin 5B semaSb -1.086 2.07E-01 3.49E-01
Semaphorin 3A sema3a -1.198 8.63E-05 2.31E-03

Fold change values were calculated via label-free quantification. Both non-adjusted p-values as well
as p-values adjusted for FDR using the Benjamini-Hochberg procedure are provided.

The three semaphorins with statistically significant decreases in expression in 10 uM
ketamine-treated neurons after adjusting for FDR (logoFC < 0, adj. p < 0.05) were the three
identified Class III semaphorins. Sema3a (logo:FC = —1.20, adj. p = 0.00231) is the most
studied semaphorin, known for its role in suppressing axon outgrowth by inducing growth
cone collapse and promoting dendrite growth!'®-162, Although most soluble semaphorins have

been found to mediate axon repulsion, some have a growth promoting effect on specific
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neuronal subpopulations, including Sema3c, (logoFC = —0.593, adj. p = 0.0274) which has

been shown to promote the growth of axons in cortical neurons'®®>. Sema3e exhibited a
statistically significant change in expression in both 10 pM ketamine-treated neurons
(logoFC = —0.466, adj. p = 0.0363) as well as 1 pM ketamine-treated neurons (log2FC =
—0.505, adj. p = 0.0403) (Table 3.2). While Sema3e has not been as widely studied, Mata et
al. demonstrated that Sema3e plays a role in the formation of neuronal connections during
hippocampal development and propose that expression levels of Sema3e and its receptor

plexin-D1 might modulate synapse formation in the adult brain!64.

Table 3.2. Differential expression of semaphorin proteins identified in 1 pM ketamine treated
samples and controls

Protein Gene Name Log,FC P-Value FIP_ 5;::2 )
Semaphorin 4A semada 0.396 1.57E-02 2.21E-01
Semaphorin 6D sema6d 0.047 4.83E-01 7.48E-01
Semaphorin 6A semaba 0.021 8.44E-01 9.38E-01
Semaphorin 4F semadf 0.014 9.09E-01 9.65E-01
Semaphorin 3C sema3c -0.311 4.71E-02 3.19E-01
Semaphorin 3E sema3e -0.505 2.20E-04 4.03E-02
Semaphorin 7A sema’a -1.139 1.94E-02 2.36E-01
Semaphorin 3A sema3a -1.694 2.58E-02 2.60E-01
Semaphorin 5B semaSb -2.324 2.24E-01 5.52E-01

Fold change values were calculated via label-free quantification. Both non-adjusted p-values as well
as p-values adjusted for FDR using the Benjamini-Hochberg procedure are provided.

While Sema3e can bind directly to plexin-D1, most class III semaphorins must form a
complex with neuropilin-1 or neuropilin-2, cell-surface glycoproteins, in order to bind to a
plexin receptor. Sema3a binds to plexin-D1 exclusively through neuropilin-1, while Sema3c
binds to plexin-D1 either via neuropilin-1 or neuropilin-2 binding, but can also bind directly
to plexin-D1, plexin-A4, or plexin-B1 at higher concentrations'®>., We identified both
neuropilins in our dataset, but their expression did not change significantly in response to
ketamine treatment. Plexins also serve as the receptors for transmembrane-semaphorins, with

166

which they interact directly °°. We identified nine plexins in our dataset: plexin-D1, plexin-

Al, plexin-A4, plexin-B3, plexin-B2, plexin-A3, plexin-B1, plexin-A2, and plexin-C1. None
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of these had significant changes in expression in response to treatment with 1 uM ketamine,

but upon exposure to 10 uM ketamine, three had changes in expression that were significant
after adjusting for FDR: plexin-A1l (logoFC = 0.298, adj. p = 0.00303), plexin-A4 (logFC =
0.200, adj. p = 0.0382), and plexin-A2 (logoFC = —0.243, adj. p = 0.0219).

Collapsin response mediator proteins (CRMPs), also known as dihydropyrimidinase-like
proteins or dihydropyrimidinase-related proteins, are a family of five cytosolic
phosphoproteins involved in various aspects of nervous system development, including axon
guidance, synapse maturation, and cell migration, with evidence for roles in adult synaptic
plasticity as well'¢7:168, CRMPs were initially discovered for their role as effectors of Sema3a
signaling mediating growth cone collapse!®. Interestingly, our data showed that all five
CRMPs had modest (less than two-fold) but significant (adj. p < 0.05) increases expression
in neurons treated with 10 uM ketamine compared to controls (Fig. 3.3, Table 3.3). In I uM
ketamine-treated neurons, all five CRMPs had positive logoFC values, but none passed the
threshold of statistical significance after controlling for FDR (Fig. 3.4, Table 3.4).
Altogether, our results showing changes in expression of various proteins involved in
synapse formation and neurite outgrowth provide further evidence for hypotheses that
ketamine rapidly promotes synaptogenesis!’®!73 and alters neural connectivity in adult

brains 174,175

Table 3.3. Differential expression of collapsin response mediator proteins identified in 10 pM
ketamine treated samples and controls

Protein Gene Name Log,FC P-Value Fl?_ 5;?1:?'
Dihydropyrimidinase-related protein 5 dpysl5 0.450 2.74E-04 4.37E-03
Dihydropyrimidinase-related protein 2 dpysl2 0.440 7.53E-05 2.12E-03
Dihydropyrimidinase-related protein 4 dpysl4 0.407 7.70E-04 8.23E-03
Dihydropyrimidinase-related protein 3 (Isoform 2) dpysl3 0.359 2.38E-04 4.08E-03
Dihydropyrimidinase-related protein 1 crmpl 0.346 7.73E-03 3.65E-02

Fold change values were calculated via label-free quantification. Both non-adjusted p-values as well
as p-values adjusted for FDR using the Benjamini-Hochberg procedure are provided.
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Table 3.4. Differential expression of collapsin response mediator proteins identified in 1 pM
ketamine treated samples and controls

Protein Gene Name Log,FC P-Value Fl?_ 5;?1:?'
Dihydropyrimidinase-related protein 5 dpysl5 0.239 1.59E-02 2.21E-01
Dihydropyrimidinase-related protein 1 crmpl 0.177 1.48E-01 4.72E-01
Dihydropyrimidinase-related protein 4 dpysl4 0.125 1.41E-01 4.67E-01
Dihydropyrimidinase-related protein 2 dpysl2 0.106 1.60E-01 4.83E-01
Dihydropyrimidinase-related protein 3 (Isoform 2) dpysl3 0.090 1.79E-01 5.03E-01

Fold change values were calculated via label-free quantification. Both non-adjusted p-values as well
as p-values adjusted for FDR using the Benjamini-Hochberg procedure are provided.

Functional enrichment analysis identifies pathways and processes significantly altered
by ketamine treatment

We performed gene set enrichment analysis using the STRING enrichment API'7®, which
draws protein annotations from various databases, including Gene Ontology Resource,
KEGG PATHWAY database, WikiPathways, Reactome Pathway Database, UniProt
Keywords, PubMed publications, the JensenLab COMPARTMENTS subcellular

localization database, Pfam domains, InterPro domains, and SMART domains.

Positive enrichment of synaptic processes

Given the number of significantly differentially expressed proteins involved in synaptic
processes that we identified in our dataset and discussed above, it was not surprising that
several pathways related to synaptic processes were found to be enriched in 10 uM ketamine-
treated neurons (Fig. 3.5). These include pathways related to particular types of synapses
(“glutamatergic synapse” and “dopaminergic synapse), cell-cell signaling (“GPCR
downstream signaling” and “adrenergic signaling”), pathways related to synaptic vesicles
and synaptic membranes, and pathways related to axons and axonal growth (“growth cone,”
“site of polarized growth,” “presynaptic membrane,” and “axon terminus”). These findings
contribute to the body of work, mentioned above, that has found ketamine to rapidly induce

synaptogenesis and rewiring of neuronal connectivity!’%17>,
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Figure 3.5. Positive enrichment of synapse-related pathways and processes in neurons treated
with 10 pM ketamine. Functional enrichment analysis results for pathway annotations related to
synaptic structures or functions. Circle size is proportional to the number of proteins in the dataset
with that annotation (“Count”). Circle color corresponds to p-values (Kolmogorov-Smirnov) adjusted
for multiple hypothesis testing using the Benjamini—-Hochberg procedure.

Overall increase in expression of proteins related to cytoskeleton and cell structure
Annotations corresponding to cytoskeleton-related processes, pathways, and components
were found to have significant enrichment in our dataset. Apart from annotations for “keratin
filament” and “intermediate filament,” which had negative enrichment scores, all other
significantly altered pathways consisting of cytoskeleton proteins were positively enriched

(Fig. 3.6). Some pathways—such as “intraflagellar transport,” “cilium,” and “cilium

assembly”—may seem out of place in a neuronal dataset. Neurons do possess a single, non-
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motile primary cilium that is increasingly recognized as a key neuronal signaling hub,

involved in pathways like Sonic Hedgehog (Shh), Wnt, and GPCR signaling, all of which
can affect neuronal development, morphogenesis, and function.!””-18°, However, closer
examination of the proteins we identified with these annotations reveals that most of them
can also be broadly categorized as components of the cytoskeleton or intracellular transport
machinery (Fig. 3.7). These include tubulins and motor proteins (e.g., kinesins, dyneins) that
are fundamental not only for building and moving molecules within primary cilia, but also
for other microtubule-dependent processes, including those in axons and dendrites.
“Cililum” and “cilium assembly” proteins also include GPCR pathway components (e.g.
Adcy3, Tacrl, Gnbl, Grk3) and kinases (e.g. Prkaca, Prkacb, Prkar2b, Prkarla, Prkca, Grk3,
Cdkl5, Aktl, Ttbk2, Csnk2b) that point to an overall modulation of neuronal signaling, as

was discussed above in the context of our differential expression analysis.
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Figure 3.6. Enrichment of pathway annotations related to cytoskeleton and cell structure in
neurons treated with 10 pM ketamine. Functional enrichment analysis results for pathway
annotations related to cell structural components. Circle size is proportional to the number of proteins
in the dataset with that annotation (“Count”). Circle color corresponds to p-values (Kolmogorov-
Smirnov) adjusted for multiple hypothesis testing using the Benjamini—-Hochberg procedure.
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Figure 3.7. Several neuronal proteins with “cilium assembly” annotation are structural or
cytoskeletal proteins. Heatmap depicts logFC values for proteins identified in 10 uM ketamine-
treated neurons and untreated neurons calculated via label-free quantification from differential
expression analysis.

Up-regulation of pathways implicated in cell cycle processes points to “moonlighting”
of proteins involved in mitosis in post-mitotic neurons

A surprising set of positively enriched pathways in our dataset consisted of annotations
broadly related to cell cycle or mitotic processes (Fig. 3.8). This was unexpected, since
neurons are post-mitotic and do not undergo cell division. However, there is an increasing
body of literature demonstrating that proteins traditionally linked to mitosis can have non-
canonical, “moonlighting” functions in fully differentiated neurons. Several proteins,
originally characterized for their roles in cell cycle progression, are now known to regulate
aspects of neuronal development, function, and plasticity!8!82, For example, multiple
subunits of the Anaphase-Promoting Complex (APC/C)—including Anapcl, Anapc2,
Anapc4, Anapc5, and Anapc7, which were among the proteins in our dataset with the KEGG
annotation “oocyte meiosis” (Fig. 3.9A)—are central to controlling cell cycle progression
but have also been implicated in synaptic plasticity and neurite growth. In neurons, the
APC/C appears to help regulate the turnover of proteins that modulate axon and dendrite

183-186

morphogenesis as well as synapse size and activity , including the postsynaptic

187

glutamate receptor GluR2a'®’, thereby contributing to the fine-tuning of neuronal

connectivity.
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Figure 3.8. Cell cycle-related pathway annotations are positively enriched in neurons treated
with 10 pM ketamine. Functional enrichment analysis results for pathway annotations related to
aspects of mitosis or meiosis. Circle size is proportional to the number of proteins in the dataset with
that annotation (“Count”). Circle color corresponds to p-values (Kolmogorov-Smirnov) adjusted for
multiple hypothesis testing using the Benjamini—Hochberg procedure.
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Figure 3.9. Annotations related to cell-cycle processes include several proteins that have been
shown to play roles in neuronal plasticity and development. (A) Heatmap depicting log,FC values
for proteins with the annotation “oocyte meiosis” identified in 10 pM ketamine-treated neurons and
untreated neurons calculated via label-free quantification from differential expression analysis. (B)
Heatmap depicting log,FC values for proteins with the annotation “recruitment of mitotic centrosome
proteins and complexes” identified in 10 uM ketamine-treated neurons and untreated neurons
calculated via label-free quantification from differential expression analysis.
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Although best known for their roles in orchestrating mitosis, kinases such as cyclin-

dependent kinase 1 (Cdk1), Cdk7, and Polo-like kinase 1 (Plkl) have also been shown to
influence autophagy, cytoskeletal dynamics, and gene expression underlying neuronal
morphogenesis and synaptic plasticity!®1°!. Cdk5rap2, which plays a necessary role in
stabilizing centrosome microtubules during mitosis!*>!%3, is also known to bind to Cdk5r1 to
activate Cdk5, a kinase critical for neuronal migration, axon guidance, and dendrite
development!'®+1%, Likewise, Pafahlbl, which has several cell cycle-related annotations,

197 Therefore, while several

has also been shown to be essential for proper neuronal migration
of these proteins were included among those with cell cycle-related annotations in Fig. 3.8
(e.g. “recruitment of mitotic centrosome proteins and complexes,” Fig. 3.9B), closer
inspection of these groups of proteins reveals several with dual functions related to neuronal

plasticity and neural circuit wiring.

While members of the kinesin family—such as Kif2a, Kif2¢, Kif3a, and Kif3b—are involved
in microtubule dynamics during cell division!*8, in neurons, these motors are essential for
axonal transport and the regulation of microtubule stability, ensuring the proper delivery of
cargo along axons and dendrites'*?*°, Similarly, cytoplasmic dynein (e.g., Dynclhl), a key
player in mitotic spindle function?°!>2, is indispensable in neurons for retrograde transport,
moving vesicles, organelles, and signaling endosomes that are critical for neuronal
maintenance and plasticity!**202203, Septin2, typically involved in cytokinesis!'3%!40, has also
been observed in neurons, where it contributes to dendritic spine formation and synaptic
stability through interactions with the actin cytoskeleton!!42%, Collectively, these findings
suggest that the enrichment of “cell cycle” pathways in our cortical neuron cultures likely
reflects the alternative roles these proteins play in orchestrating cytoskeletal dynamics,

vesicular trafficking, and synaptic remodeling, rather than an indication of cell division.

Negative enrichment of pathways related to translation observed in ketamine-treated
neurons
We were intrigued to find that several pathways related to translation were negatively

enriched in neurons treated with 10 uM ketamine (Fig. 3.10). Given the increase in AHA
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labeling observed in these samples, suggestive of overall higher levels of protein synthesis,

and Li et al.’s findings that sub-anesthetic doses of ketamine activate mTOR signaling and
increase levels of synaptic proteins in the rat prefrontal cortex**, one might have expected to
see these pathways up-regulated. It is worth noting that there are conflicting reports
regarding the role of mTOR signaling in mediating ketamine’s rapid acting antidepressant
effects. While some studies have demonstrated mTOR activation in response to ketamine

treatment and that administration of mTOR antagonist rapamycin blocks ketamine’s

205-207 35,208,209

antidepressant effects , others have failed to replicate these results

Activation of mTOR leads to increased protein synthesis via multiple mechanisms. By
inhibiting translational repressors such as 4E-BP1 and 4E-BP2 and activating other kinases
such as ribosomal kinase S6 that stimulate translation, mTOR can increase translation via
mechanisms that do not necessarily depend on increased synthesis of translational
machinery?!’. Indeed, as mentioned above, we did observe a significant decrease in
expression of 4E-BP2 in response to ketamine treatment, which would be expected to result
in increased protein synthesis (4E-BP1 was not among the proteins identified via LC-
MS/MS). However, mTOR activation has been shown to also increase ribosome biogenesis
by positively regulating ribosomal protein synthesis, as well as increasing transcription of
ribosomal RNA?!1:212, The overall decrease in expression of proteins with ribosome-related
annotations we observed in response to treatment with 10 uM ketamine (Fig. 3.10) is in
contrast with hypotheses regarding mTOR activation. One study using pERK levels as a
measure for mTOR activation in in vifro primary rat cortical neurons showed that, while sub-
micromolar doses of ketamine led to significant increases in pERK, 1 uM and 10 pM doses
did not*’. This would suggest that the increase in protein synthesis observed in our ketamine-
treated samples might occur via mechanisms involving post-translational modifications that
ultimately activate translational machinery. Alternatively, differential regulation of
translation at the mRNA transcript level could lead to increased synthesis of synaptic, axonal,
dendritic, and cytoskeletal proteins but decreased expression of housekeeping proteins that
make up translational machinery. Finally, non-mTOR pathways, such as MAPK signaling,

could be responsible for the observed increase in protein synthesis?!*2!4,
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Figure 3.10. Negative enrichment of pathways and processes related to translation observed in
10 pM ketamine-treated neurons. Functional enrichment analysis results for pathway annotations
related to translational machinery or processes. Circle size is proportional to the number of proteins
in the dataset with that annotation (“Count”). Circle color corresponds to p-values (Kolmogorov-
Smirnov) adjusted for multiple hypothesis testing using the Benjamini—-Hochberg procedure.
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Functional enrichment analysis reveals synapse-related pathways are up-regulated in

neurons treated with 1 pM doses of ketamine

While functional enrichment analysis of data comparing protein expression in 1 pM
ketamine-treated samples to controls predictably led to the identification of fewer
significantly altered pathways than was observed in samples treated with higher doses,
several interesting pathways were found to be differentially regulated. The majority of these

significantly enriched pathways (21/36) were up-regulated pathways related to synaptic

2 <6

processes (Fig. 3.11), including synaptic signaling (e.g. “synaptic vesicle,” “calmodulin
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Figure 3.11. Positive enrichment of pathway annotations related to synaptic structures and
functions in neurons treated with 1 pM ketamine. Functional enrichment analysis results for
pathway annotations related to synaptic structures and processes. Circle size is proportional to the
number of proteins in the dataset with that annotation (“Count”). Circle color corresponds to p-values
(Kolmogorov-Smirnov) adjusted for multiple hypothesis testing using the Benjamini—-Hochberg
procedure.
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transmission across chemical
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binding,” “glutamatergic synapse,” “opioid signaling,

synapses,” “neurotransmitter receptors and postsynaptic signal transmission”),

2 ¢

synaptogenesis (“growth cone,” “site of polarized growth”), and synaptic structural

99 ¢ 99 C6y

components (e.g. “presynaptic active zone,” “presynaptic membrane,” “intrinsic component
of synaptic membrane”). Other interesting positively enriched pathways in neurons exposed
to 1 uM ketamine include “voltage-gated channel activity and ion homeostasis,” indicative
of changes in neuronal activity, “G-protein mediated events,” “GTP-ase activity,” and “GTP
binding,” which point to changes in G-protein signaling, and “microtubule,” which agrees

with aforementioned changes in expression of cytoskeletal proteins underlying neuronal

morphogenesis and synaptic plasticity.

Functional enrichment analysis was able to identify broader patterns of protein expression
changes whose directionality would not have been clear by simply examining individual up-
or down-regulated proteins. Whereas analysis of differential expression data revealed
synaptic and cytoskeletal proteins to be both significantly up- and down-regulated, functional
enrichment analysis considering all proteins in our dataset revealed overall increases in these
classes of proteins in ketamine-treated samples, highlighting its utility in proteomic data

analysis.

3.4 Conclusion

In summary, our BONCAT-based proteomic analysis reveals that ketamine treatment leads
to an increase in neuronal protein synthesis, accompanied by widespread changes in the
expression of proteins involved in synaptic function, cytoskeletal dynamics, intracellular
signaling, vesicle trafficking, metabolism, and gene regulation. These changes were most
pronounced at 10 uM ketamine but were also detectable at a more physiologically relevant
1 uM dose when considering ketamine’s rapid-acting antidepressant effects. Notably, we
identified up-regulation of proteins that promote synaptic remodeling and plasticity, as well
as down-regulation of proteins that may serve to inhibit such processes. Functional
enrichment analyses revealed significant positive enrichment of synaptic, cytoskeletal, and

intracellular signaling pathways, as well as surprising enrichment of mitotic pathways likely
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reflecting non-canonical roles for these proteins in post-mitotic neurons. Together, our

findings support and extend the hypothesis that ketamine rapidly enhances synaptic
connectivity by promoting protein synthesis and dynamic remodeling of the neuronal

proteome.

3.5 Materials and Methods

Primary neuron culture preparation and maintenance

The afternoon prior to cell plating, 10 cm dishes (Greiner Bio-One, 664160) were coated
with 0.1 pg/mL poly-D-lysine (Sigma P6407) in an incubator at 37°C for 16-20 h. A few
hours before plating cells, the poly-D-lysine solution was aspirated from the dishes, which
were subsequently rinsed three times with cell culture grade water (Sigma-Aldrich, W3500)
and allowed to air dry in a sterile cell culture hood. Dissociated E18 Sprague Dawley rat
cortical cells were obtained from Transnetyx Tissue (formerly BrainBits, LLC). Plating of
neurons was carried out following instructions provided by Transnetyx Tissue in their “E18
Dissociated Primary Neuronal Plating Protocol” with minor modifications; specifically, cells
were spun down at 67 x g for 5 minutes and NbActiv4™ medium (Transnetyx Tissue) was
used instead of NbActivl™, Cells were plated at a density of 6x10° cells per 10 cm dish
(~100,000 cells/cm?) in 15 mL NBActiv4™ medium containing 5% HyClone™ Defined
Fetal Bovine Serum (FBS) (Cytiva, SH30070). After 24 h, a full medium exchange was
performed, replacing the FBS-containing medium with 10 mL NBActiv4™ without serum.
Every 3-4 days, a half medium exchange was performed by leaving behind 7.5 mL of spent
medium, removing the rest, and adding 7.5 mL fresh, 37°C, COs-equilibrated NbActiv4™

medium.

Treatment and harvesting of cultured neurons

A 5 mM stock solution of racemic ketamine was prepared by combining equal volumes of
previously prepared 5 mM stock solutions of (R)-ketamine hydrochloride (Cayman
Chemical, 16519) and (S)-ketamine hydrochloride (Cayman Chemical, 9001961) in 1X PBS
(Gibco, 10010-023). A 40 mM solution of AHA was prepared by dissolving AHA (Iris
Biotech, HAA9280) in NbActiv4d™. These were then diluted in NbActiv4d™ to achieve a
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solution of 8 mM AHA and either 0 uM, 2 pM, or 20 pM ketamine that was filtered under

sterile conditions through a 0.2 pm filter and equilibrated in the incubator prior to neuron
treatments. At 18 DIV, 7.5 mL of spent medium was left in each dish and 7.5 mL of the
warmed, equilibrated treatment solution was added to each dish, resulting in a final
concentration of 4 mM AHA and 0 uM, 1 uM, or 10 uM ketamine. The concentration of

methionine in the medium is 0.2 mM.

After 24 h, the treatment solution was aspirated from each dish and cells were rinsed twice
with 10 mL PBS with protease inhibitor cocktail (cOmplete Mini EDTA-free, Roche, 04-
693-159-001) added at a ratio of 1 tablet per 50 mL PBS (PBS+PI). After the second rinse,
5 mL PBS+PI was added to each dish, dishes were thoroughly scraped with a cell scraper,
and the liquid with released cells was transferred to a 15 mL Falcon tube on ice. Scraping
and collection of cells were repeated with another 5 mL PBS+PI to ensure maximal
harvesting and the cells were added to the same tube for each sample. Cells were centrifuged
for 5 min at 5000 g, supernatants were carefully removed, and the remaining pellets were

stored at -80°C until subsequent lysis.

Preparation of cell lysates

After thawing the cell pellets, 500 pL lysis buffer containing 1% Triton X-100 (Thermo
Scientific, 85111), 1% (w/v) sodium dodecyl sulfate (Sigma-Aldrich, L5750), and 1:1000
EDTA-free protease inhibitors (Millipore, 539134) in 1 X PBS were added to each tube. After
pipetting up and down to suspend each pellet in the lysis buffer, the cell suspensions were
transferred to 1.5-mL Eppendorf tubes provided by the BeatBox Tissue Kit 24x (PreOmics,
P.0.00128) containing a magnetic bead for homogenization. Benzonase (Sigma-Aldrich,
E8263-25KU) was added to each tube (1 pL per 500 pL lysate) and, after 5-10 min
incubation, the tubes were placed in the PreOmics BeatBox tissue homogenizer for 10 min
on the standard setting. Samples were then heated at 95°C for 10 min, followed by one more
cycle of homogenization and heating. Lysates were cleared by centrifugation (20 min, 20,600
g, 4°C) and the supernatants were transferred to Protein LoBind tubes (Eppendorf,

02243108). Protein concentrations in each sample were measured using the Pierce™ BCA
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Protein Assay Kit and normalized across all samples using 1% SDS in PBS to achieve the

same mass of protein (typically 400-500 pg per sample) in a total volume of 500 pL. Lysates

were stored at -80°C for further processing.

BONCAT enrichment and sample preparation for LC-MS/MS

For BONCAT analysis, protein lysates were first alkylated by adding 100 pL of 600 mM
chloroacetamide (Sigma-Aldrich, C0267) prepared in 0.8% SDS/PBS, and incubating the
mixture on a tube shaker at 65°C for 30 min at 1200 RPM in the dark. After alkylation, 600
uL of an 8 M urea / 0.85 M NacCl solution in PBS was added (4 M final concentration of
urea), along with 30 pL aza-dibenzocyclooctyne (DBCO) agarose beads (Vector
Laboratories, CCT-1034). The copper-free click reaction was then performed by gently
rotating the mixture on a rotary wheel at low speed for 24 h in the dark at room temperature.
Samples were centrifuged for 1 min at 1.5k RCF and the supernatant was removed.
Reduction of samples was conducted by adding 500 pL of 5 mM dithiothreitol (Sigma-
Aldrich, 43815) dissolved in 0.8% SDS/PBS, followed by incubation on a tube shaker at
70°C for 15 min at 1200 RPM in darkness. After centrifugation and removal of the
supernatant, a second alkylation step was performed by adding 500 pL of 40 mM
chloroacetamide to each sample and incubating on a rotary wheel for 30 min in the dark at
room temperature. To reduce the amount of nonspecifically bound unlabeled protein, beads
were rigorously washed first with 50 mL 0.8% (w/v) SDS in PBS, followed by 50 mL urea
in 100 mM tris hydrochloride (pH = 8.0), and finally 50 mL 20% (v/v) acetonitrile (ACN) in
doubly distilled water. For on-bead digestion, 0.1 pg trypsin and 0.05 pg endoproteinase
LysC were added to each sample, and the mixture was incubated overnight at 37°C on a tube
shaker at 1200 RPM. The next day, samples were centrifuged for 1 min at 1.5k RCF, and
peptide-containing supernatants were transferred to Pierce™ Centrifuge Columns (Thermo
Scientific, 89868). To maximize extraction of digested peptides, the beads were subjected to
two additional washes, each using 50 pL. of STOP solution from the PreOmics Phoenix Kit
(P.0.00023, Lot Number 0000444362) which were added to the columns with the
supernatants. Samples underwent a final centrifugation step at 1.5k RCF for 1 min to remove

any residual DBCO-agarose resin. Desalting and purification of the peptides were performed
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using the PreOmics Phoenix Kit following the manufacturer’s instructions. After the final

elution step, the purified peptides were vacuum concentrated to dryness and resuspended in

10 puL 0.2% formic acid for LC-MS/MS analysis.

LC-MS/MS analysis

Mass spectrometry was performed using an Eclipse mass spectrometer (Thermo Fisher
Scientific, USA) coupled to a Vanquish Neo UHPLC system (Thermo Fisher Scientific,
USA). Separation of peptides from BONCAT-enriched samples was carried out on an
Aurora UHPLC column (25 cm x 75 pm, 1.7 um C18, AUR3-25075C18-TS, Ion Opticks)
with a constant flow rate of 0.35 puL/min over a 1-hour run. Ionization was conducted in
positive mode at 1.6 kV. The chromatographic gradient consisted of 6% solvent B for 3.5
minutes, a linear increase to 25% B over 41.5 minutes, ramping to 40% B across the next 15
minutes, with a rapid increase to 98% B over 2 minutes, followed by a 5-minute hold at 98%
B. Solvent B consisted of 80% acetonitrile (ACN, Fisher Scientific, A9554) and 0.2% formic
acid (FA, Fisher Scientific, A11750) in water, and the remaining volume of solvent in each
segment of the gradient consisted of Solvent A (2% ACN and 0.2% FA in water). MS1 scans
were acquired in the Orbitrap at a resolution of 120,000 across an m/z range of 375-1600.
The automatic gain control target was set to 106 with a maximum injection time of 50 ms.
MS?2 spectra were acquired in the ion trap using fast scan mode on precursors with charge
states ranging from 2 to 7 and quadrupole isolation mode (1.2 m/z isolation window) with
higher-energy collisional dissociation (HCD) activation type set to 30%. Dynamic exclusion
was set to 30 s. The ion transfer tube temperature was maintained at 300°C, and the S-lens

RF level was set to 30.

Proteomic data processing and analysis

Raw mass spectrometry data were processed using Proteome Discoverer 3.0 software with
the SequestHT search engine, aligned against the Uniprot Ratfus norvegicus proteome
(UP000002494). Search parameters were as follows: oxidation (+15.995 Da, M) and
deamidation (+0.984 Da, N) as dynamic modifications, and carbamidomethylation (+57.021

Da, C) as a fixed modification. The mass tolerance for precursor ions was set at 10 ppm, and
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0.6 Da for fragment ions. Peptide-spectrum matches were filtered using a false discovery rate

(FDR) threshold of 1%, validated via the Percolator Node using g-values. Peptide
quantification was performed using the Minora LFQ node, which integrates the area under
the curve from MSI intensity data. Raw mass spectrometry data were deposited to the
ProteomeXchange Consortium via the PRIDE?!S partner repository with the dataset identifier
PXD064436.

Raw protein abundances were exported from Proteome Discoverer 3.0, imported into R, and
processed using the Tidyproteomics package (version 1.7.3)

(https:/jeffsocal.github.io/tidyproteomics/index.html)*!®. Common contaminant proteins

were filtered out and protein abundances were normalized across samples using median
normalization. Differential expression analysis was conducted within the Tidyproteomics
analysis pipeline utilizing the limma statistical framework

(https://bioinf.wehi.edu.au/limma/). All data visualizations were generated using a separate

Python analysis pipeline. All code is available upon request.

Functional enrichment analysis to identify significantly up- or down-regulated pathways and
annotations was performed using “Proteins with Values/Ranks — Functional Enrichment

Analysis” feature on the STRING database website (https://string-db.org, Version 12.0). For

each comparison (i.e. 10 uM ketamine versus controls and 1 uM versus controls), the search
input consisted of Uniprot accessions and log>FC values for all proteins included in the
differential expression analysis. FDR stringency was set to 0.01 for analysis of 10 uM vs
control data and to 0.05 for analysis of the 1 uM vs control data. Significantly enriched
pathway annotations were manually categorized as “Synapse,” “Cytoskeleton,” “Cell
Cycle,” and “Translation” for the purposes of visualizing functional enrichment analysis
results. For annotations that appeared twice in the results, the one with the greater enrichment

score was selected for plotting in the lollipop charts.


https://jeffsocal.github.io/tidyproteomics/index.html
https://bioinf.wehi.edu.au/limma/
https://string-db.org/
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Chapter IV

INVESTIGATIONS OF PROTEIN SYNTHESIS UNDERLYING
BEHAVIORAL PHENOMENA IN ZEBRAFISH USING
BONCAT PROTEOMICS

4.1 Abstract

Understanding how temporally controlled changes in protein synthesis regulate behavioral
phenomena remains a central challenge in neuroscience. Here, we applied the bioorthogonal
noncanonical amino acid tagging (BONCAT) proteomics tools we developed and validated
in Chapter II to investigate circadian rhythms in protein synthesis and the proteomic response
to low-dose ketamine treatment in zebrafish larvae, a model organism that has gained
popularity in the field of neuroscience alongside technological advancements in research

methodologies.

Using BONCAT, we identified consistent evidence for increased protein synthesis during
the night compared to during the day at six days post-fertilization, although this finding did
not generalize reliably across different stages of larval development. Differential expression
analyses across multiple night/day comparisons revealed limited overlap in significantly
regulated proteins, suggesting substantial variability or context-dependence in circadian
protein synthesis patterns. Additionally, our analysis identified few known circadian clock
components, with no statistically significant rhythmic expression after correction for

multiple comparisons.

In parallel, seeking to extend our in vitro findings from Chapter III to an in vivo model, we
explored proteomic shifts in zebrafish larvae induced by low-dose ketamine treatment known
to produce rapid-acting antidepressant effects. Our BONCAT-based approach captured early
proteomic responses to treatment with 1 uM ketamine, demonstrating the technique’s
potential for dissecting rapid drug-induced changes in protein synthesis that conventional

methods typically overlook. However, differing results obtained from two separate
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experiments and lack of statistically significant changes in protein expression led us to set

this project aside, as it pointed to the need for further optimization of the BONCAT method
in zebrafish and for experimental validation that the doses of ketamine used would indeed

induce the behavioral effects we aimed to study.

Though limitations such as experimental variability restricted conclusive biological insights,
this work highlights the advantages and challenges of using BONCAT to capture temporally
resolved proteome dynamics. Our findings lay the groundwork for future investigations into
the molecular mechanisms underlying complex behaviors, further advancing the application

of BONCAT in behavioral neuroscience and translational research.

4.2 Introduction

Behavioral phenomena, including sleep-wake cycles, learning, memory, and responses to
environmental stimuli or pharmacological interventions, are fundamentally regulated by
temporally controlled changes in protein synthesis' . Proteins synthesized at specific times
facilitate synaptic remodeling, cellular responses, and metabolic adaptations essential for
behavioral flexibility and survival. While the transcriptional regulation of these processes
has been extensively studied, increasing evidence highlights the critical role of translational
regulation—the direct control of protein synthesis independent of mRNA abundance—as an

integral mechanism in shaping behavior*~’.

Zebrafish larvae serve as an ideal model to investigate these dynamic biological processes
due to their genetic tractability, rapid development, and robust, quantifiable behaviors®!!. At
larval stages, zebrafish display robust and evolutionarily conserved circadian rhythms in
sleep-wake behaviors, locomotor activity, and environmental responsiveness, clearly
observable from as early as five days post-fertilization (dpf)!>!3. Moreover, the transparency
and small size of zebrafish larvae enable non-invasive monitoring of brain activity and high-
throughput video tracking, making them particularly suitable for studying the molecular and

cellular mechanisms underlying observable behavioral phenomena!4-1¢,
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To take full advantage of the zebrafish model and to better understand the molecular

underpinnings of behaviors of interest, methods capable of monitoring dynamic protein
synthesis are required. Proteomic analyses have long provided insights into protein
expression linked to behavioral phenomena, yet traditional proteomic techniques typically
measure steady-state protein levels and cannot readily differentiate between newly
synthesized proteins and pre-existing protein pools. This limitation hampers their ability to
detect rapid and transient events in protein synthesis associated with behavioral states or
pharmacological responses. To address this, bioorthogonal noncanonical amino acid tagging
(BONCAT) has emerged as a powerful tool for time-resolved proteomics'’?*. BONCAT
involves metabolic labeling of newly synthesized proteins using chemically modified amino
acid analogs, such as azidohomoalanine (AHA), enabling their selective enrichment via
Cu(I)-catalyzed [3 + 2] azide-alkyne cycloaddition (CuAAC)?!?2, or by a strain-promoted [3
+ 2] azide-alkyne cycloaddition (SPAAC)?, referred to collectively as “click chemistry.”
This approach facilitates targeted analysis of proteins synthesized during defined,

biologically relevant time windows.

In our previous work, detailed in Chapter 11, we validated BONCAT as a useful method for
monitoring protein synthesis over short time scales in larval zebrafish, demonstrating its
ability to detect otherwise obscured molecular responses to environmental stressors. Building
upon this methodological foundation, we sought to leverage BONCAT proteomics to dissect
the proteomic changes underlying specific behavioral phenomena and pharmacological
responses in zebrafish larvae. Specifically, we undertook studies addressing two major
questions: first, the circadian regulation of protein synthesis, and second, the proteomic
response to low doses of ketamine, an anesthetic and antidepressant known to rapidly alter

neuronal activity and behavior.

Circadian rhythms in protein synthesis have been documented to exhibit distinct rhythmic
profiles independent of transcriptional fluctuations, varying significantly across tissues and
developmental stages®*. Thus, an accurate understanding of circadian patterns in protein

synthesis requires direct proteomic measurements rather than indirect inference from mRNA
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studies. Motivated by the aim of linking circadian protein synthesis to behavior, we used

BONCAT proteomics to investigate day/night differences in protein synthesis rates in

zebrafish larvae across multiple developmental stages.

Simultaneously, we expanded our investigation of BONCAT proteomics to explore protein
synthesis responses to pharmacological perturbations, specifically to low doses of ketamine.
A rapid-acting antidepressant at sub-anesthetic doses, ketamine has garnered significant
clinical interest due to its ability to alleviate depressive symptoms within hours to days, much
faster than traditional antidepressants®>—°. Despite extensive research and clinical use, the
molecular mechanisms underlying ketamine’s rapid antidepressant effects remain
incompletely understood®'~*3. Previous proteomic analyses of neuronal tissues and cell
cultures have implicated changes in synaptic transmission, neuroplasticity, metabolism, and
cellular signaling following ketamine exposure*3. However, these conventional proteomic
studies, based on whole-cell lysates, lack the temporal resolution to distinguish immediate
proteomic changes induced by drug exposure from baseline protein expression. In order to
more directly probe the early ketamine-induced shifts in protein expression that might
mediate its rapid therapeutic effects, we employed BONCAT to specifically label and
identify proteins synthesized in zebrafish larvae during treatment with low, antidepressant-

relevant doses of ketamine.

In this chapter, we employ BONCAT proteomics in both circadian and pharmacological
contexts, presenting an in-depth exploration of the application of the methods we developed
to study behavioral states and drug responses in zebrafish larvae. Although our findings did
not yield the consistency of results across experiments required for publication, they offer
valuable methodological insights and illustrate the current capabilities and limitations of
BONCAT for time-resolved proteomic analyses of behavioral phenomena. Thus, the work
described herein lays the foundation for future work to improve upon these techniques and
use them to unravel the molecular underpinnings of complex behaviors, providing a critical
step towards enhancing the utility of BONCAT proteomics in behavioral neuroscience and

translational research.



4.3 Results and Discussion e
Protein synthesis in 6 dpf zebrafish larvae is higher during night than during day, but
this finding does not reliably generalize across other stages of zebrafish development

Intrigued by our initial finding that proteins labeled with AHA for 12 h during night (9 pm —
9 am) and proteins labeled with AHA for 12 h during the day (9 am — 9 pm) in zebrafish
larvae could be resolved into distinct, linearly separable clusters, we wondered whether time-
resolved BONCAT proteomics could uncover circadian differences in protein synthesis
during day versus night. When we inspected our raw LC-MS/MS data from this experiment
more closely, we observed that proteins identified in both day and night samples had overall
higher raw abundances in samples labeled with AHA at night, indicative of greater levels of

protein synthesis during this time window (Fig. 4.1A).
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Figure 4.1. Elevated protein synthesis during night 6 compared to day 6 in zebrafish larvae
observed across multiple BONCAT proteomics experiments. (A-C) Empirical cumulative
distribution function (ECDF) curves depicting the log ratios of the average raw abundances of
proteins identified after BONCAT enrichment in zebrafish larvae (6 dpf) treated with 4 mM AHA
for 12 h during the night to their average raw abundances in zebrafish larvae (6 dpf) treated with 4
mM AHA for 12 h during the day. Data are shown from (A) the first experiment, (B) the second
experiment, and (C) the third experiment testing this night 6 versus day 6 comparison. n = 3
biological replicates for each condition in all three experiments.

We repeated this experiment several times to confirm whether this finding could be
replicated. Additionally, in order to determine whether this might be a phenomenon specific
to zebrafish larvae at 6 dpf (“night 6” vs “day 6”), or whether it could be related to
developmental stages in zebrafish larvae rather than true circadian effects, we also performed
AHA labeling in zebrafish during other time windows surrounding this stage of development.
Specifically, we performed AHA labeling for 12 h periods during the day at 5 dpf (“day 57),

during the night at 5 dpf (“night 5”), during the day at 7 dpf (“day 7”), and during the night
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at 7 dpf (“night 7). These comparisons could not all be done at once due to limitations in

sample handling during the BONCAT enrichment process, so different pairwise comparisons
were performed across separate experiments. We did not perform AHA labeling outside the
5 dpf to 7 dpf age range, since circadian sleep/wake behaviors are not typically studied in
zebrafish prior to 5 dpf, and after 7 dpf, the fish can no longer survive solely off their yolk
sack and must be placed on a juvenile fish diet, leading to the introduction of potential

confounding factors in our data.

In total, we carried out five versions of this experiment, labeling newly synthesized proteins
in zebrafish larvae with AHA for 12 h during different combinations of day and night time
windows and performing proteomic analyses on BONCAT-enriched samples. Some specific
night/day comparisons were repeated across experiments (e.g. Night 6 vs Day 6, Night 6 vs
Day 7), while others (Night 5 vs Day 5, Night 7 vs Day 7, Night 5 vs Day 6) were only tested

once.

The increase in protein synthesis during night 6 compared to day 6 was observed across all
three experiments in which this comparison was tested (Figs. 4.1A-C), with 82%, 96%, and
82% of proteins identified in both night 6-labeled and day 6-labeled samples having higher
average raw abundances in night 6-labeled samples, respectively. However, other night/day
comparisons did not produce this result as consistently. While one experiment comparing
night 5 to day 5 showed somewhat similar raw abundances for proteins detected in both sets
of samples (Fig. 4.2A, 51% of proteins with higher raw abundances in samples labeled during
night 5 than day 5), a second attempt resulted in 67% of proteins having higher abundances
in samples labeled during night 5 than day 5 (Fig. 4.2B). An even greater difference was
observed across two experiments comparing protein synthesis during night 6 to day 7; in one
experiment, 55% of proteins had higher raw abundances during night 6 than during day 7
(Fig. 4.2C), while in a second experiment, 89% of proteins had higher raw abundances during
night 6 than during day 7 (Fig. 4.2D). Finally, we performed one comparison of AHA

labeling during night 7 to labeling during day 7, which revealed only a modest increase in
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protein synthesis during night, with 60% of proteins having higher raw abundances in night

7-labeled samples than in day 7-labeled samples (Fig. 4.2E).
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Figure 4.2. Increase in protein synthesis during night compared to day was observed in some
other night/day comparisons, but not consistently across experiments. (A-E) ECDF curves
depicting the log ratios of the average raw abundances of proteins identified after BONCAT
enrichment in zebrafish larvae treated with 4 mM AHA for 12 h during the night to their average raw
abundances in zebrafish larvae treated with 4 mM AHA for 12 h during the day. Data are shown
from (A) night 5 versus day 5 comparison from the second experiment conducted of five total
BONCAT experiments conducted, (B) night 5 versus day 5 comparison from the fifth experiment,
(C) night 6 versus day 7 comparison from the third experiment, (D) night 6 versus day 7 comparison
from the fourth experiment, and (E) night 7 versus day 7 comparison from the third experiment. n =
3 biological replicates for each condition in the data plotted in (A), (C), (D), and (E). n =4 biological
replicates for each condition in the data plotted in (B).

The increase in protein synthesis observed across various experiments cannot be attributed
to animal growth during development, since the protein concentrations measured in lysates
derived from 150 zebrafish larvae of various ages did not increase in proportion to fish age.
Furthermore, normalization of lysate concentrations prior to BONCAT enrichment ensures
that greater raw abundances correspond to increased AHA labeling and thus rates of protein
synthesis. Nevertheless, while we did reliably see elevated protein synthesis during night 6
compared to day 6, we were not able to confirm whether this is truly a circadian phenomenon

irrespective of zebrafish age or developmental stage.
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There is limited past research investigating overall levels of protein synthesis during night

versus day across a range of organisms. The majority of research on nighttime protein
synthesis is related to muscle recovery and growth, demonstrating increased protein synthesis
at night after ingestion of protein after exercise***. Circadian fluctuations in protein
synthesis levels during normal sleep/wake cycles have not been as widely explored. A report
by Adam and Oswald in 1983 reviewing numerous studies concluded that peak rates of
protein synthesis and cellular proliferation occur during an organism’s sleep phase*®. A later
study by Ramm and Smith showed that slow wave sleep specifically is associated with higher
rates of protein synthesis throughout the brain*’. They did not observe a similar increase in
protein synthesis during REM sleep, although earlier research by Drucker-Colin et al.
demonstrated that protein synthesis inhibitors decreased total REM sleep time without
altering slow-wave sleep time. These results are not necessarily in conflict, as it is possible
that protein synthesis is necessary for the maintenance of normal REM sleep but that this
protein synthesis does not increase relative to daytime levels. More recent research has
shown that there are circadian fluctuations in protein synthesis and translational regulation,
with signal transducers involved in protein synthesis (i.e. mTOR, p70S6K, and ERK)
showing circadian rhythms of phosphorylation that differ in phase across different muscle
tissues®®. Therefore, while we were not able to conclusively determine whether overall
protein synthesis increases overnight in zebrafish larvae using BONCAT, it is possible that
there is elevated protein synthesis at night during more narrow time windows, certain sleep
phases, or specific tissues or brain regions, which would be challenging to detect via AHA

labeling of whole fish.

Only a small subset of circadian clock components were identified in our BONCAT
proteomics experiments

We conducted differential expression analysis of our BONCAT proteomics data for all eight
day-night comparisons from across five experiments. Since the difference in overall protein
synthesis during night versus day was variable across experiments (Fig. 4.1, Fig. 4.2), we
calculated logx(Fold Change) (logoFC) values for proteins using median normalized

abundances to determine changes in expression of proteins relative to the total amount of
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protein synthesis in a particular condition. All fold changes were calculated with average

protein abundances from samples labeled at night in the numerator and average protein
abundances from samples labeled during day in the denominator, so log2FC > 0 corresponds
to higher levels of expression at night, whereas logoFC < 0 corresponds to higher levels of

expression during day.

We first examined whether any proteins encoded by the known circadian clock genes in
zebrafish were identified in our datasets (i.e. Clock, Period, Timeless, Cry or Bmal
proteins)*-°, None were identified in our first experiment. Cry3a was identified in our
second experiment, and while it was not identified in any samples labeled during night 5, its
expression was higher during day 6 than during night 6 (log2FC =—1.999, p = 0.00446, FDR-
adj. p=0.144).

In our third experiment, we identified Timeless, Cry3a, and Cry5, but Cry3a was only
identified in samples labeled during day 6 or day 7, preventing the calculation of a log2FC
value associated with night/day expression. Timeless did not have a strong change in
expression in any night/day comparison from this experiment (Night 6 / Day 6: logoFC =
—0.264, p = 0.556, FDR-adj. p = 0.751; Night 6 / Day 7: logoFC = 0.0970, p = 0.727, FDR-
adj. p = 0.840; Night 7/ Day 7: logoFC =—0.297, p = 0.394, FDR-adj. p = 0.752). Cry5 was
not identified in samples labeled during day 6 or night 6, but it had increased expression

during day 7 compared to during night 7 (log2FC = —1.246, p = 0.0249, FDR-adj. p = 0.362).

In our fourth experiment comparing night 6 to day 7, we also identified Timeless, Cry3a, and
Cry6. Once again, Cry3a was not identified in samples labeled during night 6, so no log2FC
value could be calculated. As was previously observed, Timeless expression did not change
significantly between night and day (logaFC = —0.307, p = 0.642, FDR-adj. p = 0.869).
Unlike the prior experiment, however, Cry5 exhibited no notable change in expression in

this dataset (log,FC =—0.341, p = 0.549, FDR-adj. p = 0.820).
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In our final experiment, where we compared protein synthesis during night 5 during day 5,

the only circadian clock proteins we identified were timeless and cry2. Once again, Timeless
did not have a significant change in expression during night versus day (log:FC = —0.0808,
p = 0.830, FDR-adj. p = 0.945), while Cry2 had a modest decrease in expression (log:FC =
—0.881, p = 0.0479, FDR-adj. p = 0.395).

In summary, we identified relatively few proteins known to be involved in circadian clock
regulation in our various night/day comparison, and none of those for which logFC values
could be calculated had statistically significant changes after adjusting for false discovery
rate (FDR). Nevertheless, if considering non-adjusted p-values, Cry proteins had
significantly reduced expression during night compared to during day in 3 of the 4 datasets
in which they were identified. This is in line with what would be expected for Cry expression,
since it is known that Cry transcription is induced by daylight in both zebrafish and mice,
resulting in peak expression levels during the day®*->2,

Differential expression analysis and functional enrichment analysis across multiple
night-vs-day comparisons reveals some consistent findings between experiments but
mostly variable results

Although we identified thousands of proteins in our experiments probing protein synthesis
during night versus day in zebrafish, relatively few had statistically significant changes in
expression (FDR-adj. p < 0.05) when considering normalized data. While some proteins
were found to be significantly up- or down-regulated across multiple experiments, most
significantly differentially regulated proteins in any particular night/day comparison did not
have a significant change in expression in any other day/night comparison. No proteins were
found to have statistically significant increases or decreases in expression (|log2FC| > 1, FDR-
adj. p <0.05) across all eight night/day differential expression analyses performed, nor were
any found to be significantly differentially regulated across the five night/day comparisons
with higher protein synthesis at night than day (>65% proteins with higher raw abundances
in samples labeled with AHA at night compared to those labeled with AHA during day).

Even if only considering the experiments comparing protein expression during night 6 versus
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day 6, no proteins were found to be statistically significantly differentially regulated across

all three.

We then expanded our aggregated analysis of our night/day BONCAT proteomics datasets
to consider proteins with [logoFC| > 1 and p < 0.05, rather than the most stringent threshold
of FDR-adj. p < 0.05. Even with the expanded set of proteins considered, none were found
to have consistent up- or down-regulation across all eight comparisons. Only one protein,
fatty acid binding protein 10a (Fabp10a, highlighted in bright green in Figs. 4.3A-E), was
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Figure 4.3. Differential expression analysis of BONCAT proteomics data identifies several up-
and down-regulated proteins in each experiment, but the specific proteins identified differ
across experiments. (A-E) Volcano plots comparing median-normalized abundances of BONCAT-
enriched proteins from zebrafish larvae treated with 4 mM AHA for 12 h during the night to their
expression in zebrafish larvae treated with 4 mM AHA for 12 h during the day from the five night/day
comparisons where at least 65% of proteins identified had higher raw abundances during the night
than during the day. Fold change values were calculated via label-free quantification. Proteins with
log>(FC) > 1 and p < 0.05 that are up-regulated during the night are depicted in red, whereas proteins
with log(FC) < 1 and p < 0.05 that are down-regulated during the night are depicted in blue.
Horizontal dashed lines depict p = 0.05 and Benjamini-Hochberg false-discovery rate (FDR)-
adjusted p = 0.05. The lime green point highlights Fabp10a, which was the only protein with
[log2(FC)| > 1 and p < 0.05 across all five comparisons. The cyan point highlights Plg, the only
additional protein with [log2(FC)| > 1 and p < 0.05 in the three day 6 versus night 6 comparisons. n
= 3 biological replicates for each condition in the data plotted in (A), (B), (C), and (E). n = 4
biological replicates for each condition in the data plotted in (D).
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up-regulated across all five night/day comparisons where protein synthesis was found to be

higher at night, and one additional protein (Plasminogen, or Plg, highlighted in cyan in Figs.
4.3A-C) was found to be up-regulated in the three night 6 versus day 6 comparisons. Fabp10a
is predicted to be involved in fatty acid transport, and plasminogen is predicted to be involved

in proteolysis.

While it is customary to perform differential expression analysis on normalized data as we
have done above, we also examined the results of differential expression analysis performed
on raw protein abundance data for each of our night/day comparisons (Figs. 4.4A-E). For the
comparisons where raw abundances were higher in samples labeled during night than those
labeled during day, differential expression analysis of raw data results in more proteins being
up-regulated and more proteins with positive log2FC values having p < 0.05 or FDR-adj. p
< 0.05. Still, however, no significantly up-regulated proteins were shared across all eight
night/day comparisons, either considering FDR-adj p-values or non-adjusted p-values. Even
the subsets of comparisons described above (i.e. the five comparisons where protein
synthesis at night was at least 65% higher during night than day, or the three night 6 versus
day 6 comparisons) did not share any proteins with [logoFC| > 1 and FDR-adj. p < 0.05.

Broadening the scope of the aggregated analysis to include any proteins with non-adjusted
p-values less than 0.05, we identified 57 proteins that were up-regulated (logoFC > 1, p <
0.05) across the three night 6 versus day 6 comparisons (Figs. 4.4A-C, Table 4.1), 15 of
which were also up-regulated in the two additional analyses where samples labeled during
the night had greater AHA labeling than samples labeled during the day (Figs. 4.4D-E, Table
4.1, rows highlighted green).

At an individual level, none of the proteins from this group stood out as particularly
biologically interesting in the context of sleep. We examined the list of proteins to identify
what broader functional classes of proteins were represented amongst those with higher
expression at night. We found several secreted proteins found in plasma (sex hormone-
binding globulin, fibrinogen beta chain, plasminogen, serotransferrin, complement

component C3a, ceruloplasmin, apolipoprotein Bb, apolipoprotein A-Ib, high-density
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Figure 4.4. Differential expression analysis of raw abundance data from multiple BONCAT
proteomics experiments identifies more proteins that are consistently up-regulated across
night/day comparisons. (A-E) Volcano plots comparing raw abundances of BONCAT-enriched
proteins from zebrafish larvae treated with 4 mM AHA for 12 h during the night to their expression
in zebrafish larvae treated with 4 mM AHA for 12 h during the day from the five night/day
comparisons where at least 65% of proteins identified had higher raw abundances during the night
than during the day. Fold change values were calculated via label-free quantification. Proteins with
log2(FC) > 1 and p < 0.05 that are up-regulated during the night are depicted in red, whereas proteins
with logz(FC) < 1 and p < 0.05 that are down-regulated during the night are depicted in blue.
Horizontal dashed lines depict p = 0.05 and Benjamini-Hochberg false-discovery rate (FDR)-
adjusted p = 0.05. The lime green points highlight proteins with |log>(FC)| > 1 and p < 0.05 across
all five comparisons. The cyan points highlight proteins with [log,(FC)| > 1 and p < 0.05 in the three
day 6 versus night 6 comparisons. n = 3 biological replicates for each condition in the data plotted in
(A), (B), (C), and (E). n = 4 biological replicates for each condition in the data plotted in (D).

lipoprotein-binding protein), multiple collagen proteins that extracellular matrix (ECM)
components, and cytoskeletal and trafficking proteins (myosin heavy chain b, actin-related
protein 3, coatomer subunit o, BRO1 domain—containing protein BROX). Several proteins
could be categorized as being involved in RNA-binding and translation (eIF3 subunit F, 40S
ribosomal protein S27, polyadenylate-binding protein 1A) or being involved in proteostasis

(Hsp90B, Hsc70, and proteasome 26S subunits). Finally, there were several proteins
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involved in cellular metabolism (fructose-bisphosphate aldolase, UTP—glucose-1-phosphate

uridylyltransferase, glutathione reductase, thioredoxin-like 1, aldo-keto reductase A3,
homogentisate  1,2-dioxygenase, very-long-chain  3-oxoacyl-CoA  reductase, S-
adenosylmethionine synthase) and more specifically lipid metabolism (fatty acid-binding
protein 10a, cytochrome P450 family 8 and family 24 enzymes, acetyl-CoA C-
myristoyltransferase, short-chain dehydrogenase/reductase 16C). Overall, several classes of
proteins with a broad range of biological functions were represented amongst those with
elevated expression during night versus day, which most likely reflects an overall increase
in protein synthesis in these samples rather than a prioritization of a particular subset of

proteins.

Table 4.1. Proteins up-regulated in multiple night/day comparisons across different
experiments

Protein Gene Name LogFC P-Value F}P_ 5;?:3
Sex hormone-binding globulin shbg 2.991 1.64E-02 8.75E-02
Fibrinogen beta chain fgb 2.309 1.42E-04 1.05E-02
Fatty acid-binding protein 10-A, liver basic fabp10a 2.231 6.37E-05 8.74E-03
Fructose-bisphosphate aldolase aldob 2.139 1.35E-04 1.05E-02
Solute carrier family 2 member 2 slc2a2 2.056 7.70E-03 6.09E-02
Acetyl-CoA C-myristoyltransferase scp2a 2.038 6.01E-03 5.31E-02
Procollagen, type IX, alpha 2 col9a2 1.857 2.89E-04 1.31E-02
Collagen, type XI, alpha 2 collla2 1.774 3.27E-04 1.37E-02
guizrn};ggtc) translation initiation factor 3, subunit F cif3f 1713 1.02E-02 7 12E-02
Plasminogen plg 1.668 6.75E-04 1.94E-02
Claudin b cldnb 1.633 5.60E-03 5.12E-02
Serotransferrin tfa 1.629 1.31E-02 7.98E-02
Glutathione reductase gsr 1.595 4.15E-03 4.32E-02
glf‘li;(ﬁf;f(fe‘llf;gierg:éz;’)member A3 akr7a3 1.570 2.14E-03 | 3.I8E-02
Si:ch1073-464p5.5 5222;2?53' 1.538 7.51E-04 1.95E-02
Heat shock protein 90, beta (grp94), member 1 hsp90b1 1.527 1.83E-03 2.93E-02
gcﬂt;;:;gie :)?Fsr%gfizﬁg DRI cyp8bl 1.493 7.56E-04 1.95E-02
High density lipoprotein-binding protein a hdlbpa 1.490 1.76E-03 2.84E-02
Complement component c3a, duplicate 1 c3a.l 1.486 1.84E-03 2.93E-02
Zgc:110425 N/A 1.459 1.26E-03 2.49E-02
Zgc:112265 (Fragment) itih3b.2 1.448 9.04E-04 2.09E-02

Putative oxidoreductase GLYR1 glyrl 1.394 1.48E-02 8.38E-02
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Thioredoxin-like 1 txnll 1.369 6.31E-03 5.48E-02
Tgm2b protein tgm2b 1.367 4.09E-03 4.32E-02
Carboxylic ester hydrolase (Fragment) ces2a 1.355 2.45E-03 3.41E-02
40S ribosomal protein S27 rps271 1.345 1.33E-03 2.54E-02
Carboxymethylenebutenolidase homolog cmbl 1.321 1.76E-02 9.10E-02
Homogentisate 1,2-dioxygenase hed 1.318 1.55E-03 2.73E-02
Zgc:172051 (Fragment) N/A 1.316 7.71E-03 6.09E-02
Zgc:163061 N/A 1.275 3.52E-03 4.03E-02
High mobility group box 1b hmgblb 1.269 5.24E-03 4.91E-02
Ceruloplasmin cp 1.243 1.35E-02 8.06E-02
Apolipoprotein Bb, tandem duplicate 1 apobb.1 1.240 5.59E-03 5.12E-02
Myosin, heavy chain b myhb 1.211 1.08E-02 7.31E-02
UTP--glucose-1-phosphate uridylyltransferase ugp2a 1.188 6.93E-03 5.73E-02
Collagen, type II, alpha 1b col2alb 1.175 1.63E-02 8.75E-02
Coatomer subunit alpha copa 1.167 7.82E-03 6.11E-02
if;’;?;i"nfz (Prosome, macropain) 26S subunit, psmcla 1161 494E-03 | 483E-02
Polyadenylate-binding protein 1A pabpcla 1.159 6.55E-03 5.59E-02
Si:dkey-261m9.12 ;gﬁgﬁz 1.153 1.47E-02 8.35E-02
Proteasome 268 subunit, ATPase 3 psmc3 1.152 3.90E-02 1.44E-01
Non-specific serine/threonine protein kinase stk10 1.149 1.10E-02 7.35E-02
Apolipoprotein A-Ib apoalb 1.143 5.96E-03 5.28E-02
Guanine nucleotide-binding protein-like 3 gnl3 1.142 1.47E-02 8.35E-02
Actin-related protein 3 actr3 1.142 1.77E-02 9.10E-02
BRO1 domain-containing protein BROX brox 1.131 1.77E-02 9.10E-02
gg:bfrlzm dehydrogenase/reductase family 16C, «dr16¢5h 1121 722E-03 5.91E-02
Ig)lgggls’ﬁgr‘;g’shfgfsfeoﬁif&?;haﬁde“p“’tein rpn2 1107 9.41E-03 | 6.87E-02
AHNAK nucleoprotein ahnak 1.090 1.22E-02 7.77E-02
Actinodin2 and2 1.088 1.40E-02 8.16E-02
Very-long-chain 3-oxoacyl-CoA reductase-A hsd17b12a 1.067 1.39E-02 8.14E-02
g(ﬂt;;:;gie IP 450, family 24, subfamily A, cyp24al 1.043 8.14E-03 6.22E-02
Heat shock cognate 71 kDa protein hspa8 1.040 1.35E-02 8.06E-02
78 kDa glucose-regulated protein hspa5 1.019 1.54E-02 8.61E-02
EWS RNA-binding protein 1b ewsrlb 1.014 2.48E-02 1.10E-01
S-adenosylmethionine synthase matla 1.011 3.58E-02 1.37E-01
Collagen, type I'V, alpha 2 col4a2 1.011 1.82E-02 9.18E-02

Fold change values were calculated via label-free quantification. Both non-adjusted p-values as
well as p-values adjusted for FDR using the Benjamini-Hochberg procedure are shown. Rows
highlighted in green are proteins that were up-regulated in all five analyses where samples labeled
during the night had greater AHA labeling than samples labeled during the day.
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We performed functional enrichment analysis for all eight night/day comparisons using the

STRING database API to identify annotations or pathways that were significantly positively
or negatively enriched amongst proteins synthesized during night versus day. Several
comparisons revealed annotations related to endopeptidase activity or regulation to be
positively enriched during the night, particularly in the night 6 / day 6 comparison in the first
experiment (Table S4.1), night 6 / day 7 in the third experiment (Table S4.2), night 6 / day 7
in the fourth experiment (Table S4.3), and night 5 / day 5 comparison in the fifth experiment
(Table S4.4). Most of the annotations enriched in the night 6 / day 6 comparison from our
second experiment were related to translation and gene expression, which is perhaps
unsurprising given the increase in protein synthesis observed at night in this experiment
(Table S4.5). Meanwhile, functional enrichment analysis of the night 6 / day 6 comparison
from our third experiment revealed primarily annotations related to collagen and ECM,
although a couple of brain-related annotations (“neuronal system” and “transmission across
chemical synapses”) were both negatively enriched (Table S4.6). The two night 6 / day 7
comparisons (third and fourth experiments) both had a relatively large number annotations
significantly positively or negatively enriched, including several annotations related to gene

regulation and ECM, as well as amino acid metabolism and transport.

While our datasets exploring circadian changes in protein expression did not reveal enough
reproducible or significant results to warrant publishing this work, it is possible that the data
we collected contain other interesting information if analyzed through different lenses. For
example, across our various experiments performing AHA labeling during different day or
night periods spanning the day of 5 dpf through the night of 7 dpf, we incidentally collected
a larval zebrafish development dataset spanning 72 hours with six consecutive 12 h time
windows. With careful analysis taking into account the fact that that these datasets were
collected across various experiments, one could look at these results in aggregate to
determine if there are any interesting temporal patterns in protein synthesis during this

window of zebrafish development.
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Treatment of zebrafish with low, antidepressant-relevant doses of ketamine shows

increase in protein synthesis consistent with results in in vitro primary cortical neuron
cultures

Seeking to identify a behavioral phenomenon that would be interesting to explore at the
proteomic level using BONCAT, we considered drug treatments that have been shown to
cause observable behavioral changes in zebrafish. Encouraged by the observations we
uncovered in in vitro primary rat embryonic cortical neuron cultures treated with low doses
of ketamine using BONCAT (Chapter III), we aimed to extend our findings in vivo using
zebrafish.

There have been a few studies of ketamine’s effects on zebrafish behavior and brain activity,
but all of these used higher doses of ketamine than those typically used in vitro to study

53-8) - One paper found that ketamine

ketamine’s antidepressant effects (0.1 to 10 pM
produces changes in adult zebrafish locomotor behavior resembling those associated with
psychosis in other animals, but the concentrations they used correspond to approximately 15
uM ketamine®®. Other researchers reported dose-dependent anxiolytic effects of ketamine in
adult zebrafish after 20 min of treatment, however these results were most pronounced at
relatively high, sedative doses of 146 uM and 219 uM®°. More recently, zebrafish larvae
have been used as a model to investigate the neurological basis of ketamine’s antidepressant
effects. Andalman et al. reported that ketamine delays the emergence of passivity in zebrafish
exposed to a behavioral challenge and, at a neural level, prevents the progressive increase in
activity of ventral habenula neurons observed in untreated fish following stress®'. However,
their treatment protocol, which involved 20 min of exposure to 182 uM ketamine followed
by 1 hour of recovery prior to behavior and imaging experiments, bears little resemblance to
ketamine antidepressant treatment protocols in rodents or humans. Finally, using the most
extreme treatment of 730 uM ketamine for 30 min followed by a 1 hour washout, Duque et
al. demonstrated that ketamine-treated zebrafish larvae displayed prolonged increased
behavioral perseverance in futile swimming conditions, and that this effect is linked to

ketamine’s hyperactivation of the norepinephrine-astroglia circuit responsible for passivity®2.
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For our BONCAT experiments in zebrafish larvae, we chose a sub-dissociative, sub-

anesthetic dose of 1 uM ketamine, which falls within the range of concentrations more
commonly used to study ketamine’s antidepressant effects and more closely approximates
the concentration in cerebrospinal fluid (CSF) following in vivo administration of
antidepressant doses of ketamine (0.2-2.5 pM®-%%). Qur first attempt at this experiment
involved treating zebrafish larvae (5 dpf) with 1 uM ketamine (racemate) and 4 mM AHA.
BONCAT-enriched samples were subjected to LC-MS/MS analysis without undergoing
desalting to minimize protein loss, and while this led to some samples initially clogging the

column, we were able to successfully run and obtain data for all samples.

We identified and obtained raw abundance values for 3,660 proteins. Comparing the average
raw abundances of proteins identified in samples from both treatment groups revealed that
85% had higher average raw abundances in ketamine-treated samples compared to controls
(Fig. 4.5). This result is indicative of greater AHA labeling, and thus of increased protein
synthesis, in ketamine-treated samples compared to controls, in agreement with our results

in in vitro primary neuron cultures (Chapter III, Fig. 3.2).
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Figure 4.5. BONCAT proteomics reveals ketamine-induced increase in protein synthesis in
zebrafish larvae treated with 1 pM ketamine. ECDF depicting the log ratios of the average raw
abundances of proteins identified after BONCAT enrichment in zebrafish larvae (5 dpf) treated for
12 h with 1 pM ketamine (racemate) and 4 mM AHA to their average raw abundances in control
samples treated only with 4 mM AHA. n = 4 biological replicates for each condition.

Differences in protein expression between ketamine-treated and control zebrafish larvae
were also revealed via principal component analysis (PCA). We observed clear segregation

and linear separability of ketamine-treated and untreated control samples (Fig. 4.6),
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suggesting that drug treatment drives distinct patterns in the proteomics data that are well-

captured by the first two principal components, which together account for over half of the

total variance.
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Figure 4.6. Principal component analysis shows clustering and linear separability of samples
by treatment condition. PCA was performed using median normalized abundance data from
BONCAT-enriched samples derived from zebrafish larvae (5 dpf) treated for 12 h with 1 uM
ketamine (racemate) and 4 mM AHA and from control zebrafish larvae treated only with 4 mM
AHA. n = 4 biological replicates per condition.

Analysis of BONCAT proteomics data reveals up- and down-regulated proteins and
pathways in zebrafish larvae treated with ketamine compared to controls

We performed differential expression analysis on median normalized data to determine,
relative to the total amount of protein synthesis in a particular condition, which proteins were
up- or down-regulated in ketamine-treated zebrafish. While 97 proteins were found to have
at least two-fold higher or lower expression in ketamine-treated samples with an associated
p-value of less than 0.05 (Fig. 4.7), after adjusting for FDR, none of these p-values passed
the threshold of statistical significance (FDR-adj. p < 0.05).

Nevertheless, we examined the proteins with [log2FC| > 1 and p < 0.05 and identified several
with potentially interesting biological functions in the context of low-dose ketamine

treatment. The protein with the second highest increase in expression in ketamine-treated
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Figure 4.7. Differential expression analysis of BONCAT proteomics data reveals proteins with
increased or decreased expression in zebrafish larvae treated with 1 pM ketamine compared
to untreated zebrafish larvae. Volcano plot comparing median normalized abundances of
BONCAT-enriched proteins from zebrafish larvae (5 dpf) treated for 12 h with 1 pM ketamine
(racemate) and 4 mM AHA to those from control zebrafish larvae (5 dpf) treated only with 4 mM
AHA. Fold change values were calculated via label-free quantification. Proteins with log,(FC) > 1
and p < 0.05 that are up-regulated in fish treated with ketamine are depicted in red, whereas proteins
with log>(FC) < 1 and p < 0.05 that are down-regulated in fish treated with ketamine are depicted in
blue. Horizontal dashed line depicts p = 0.05. No proteins passed the threshold for statistical
significance (FDR-adj. p < 0.05) after adjusting for FDR using the Benjamini-Hochberg procedure.

zebrafish larvae was aldehyde dehydrogenase (Aldh2, logoFC =4.568, p = 0.03947). A study
performed in mice showed that aldh? knock-out mice have more severe bladder

inflammation than wildtype mice exposed to chronic ketamine treatment®

, which could
suggest that the increase in Aldh2 expression observed in our experiment might have anti-
inflammatory effects. The authors of this study also reported a dose-dependent increase in
expression of inducible nitric oxide synthase, which produces the proinflammatory mediator
nitric oxide, in wildtype mice with chronic low- or high-dose treatment with ketamine. In
agreement with their results, we observed increased expression of nitric oxide synthase-
trafficking protein (Nostrin, log2FC = 1.452 p = 0.0489), as well as increased expression of
nitric oxide synthase (Nos2b, logosFC = 1.119, p = 0.536) which did not pass the p < 0.05

threshold.
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A protein from an uncharacterized gene predicted to be a glutamate receptor subunit was also

found to be up-regulated (si:ch211-251b21.1, logoFC = 1.246, p = 0.0143), which is
intriguing given the role of glutamate in hypothesized mechanisms for ketamine’s
antidepressant effects. Both human patients with MDD and animal models for depression
have altered glutamate metabolism®’ and lower levels of glutamate in particular brain
regions®-73,

Ketamine is known to inhibit N-methyl-D-aspartate receptors (NMDARs), which are
glutamate receptors, and it was initially suspected that antagonism of NMDARs on

74,75

GABAergic interneurons leads to enhanced glutamate signaling’*’>, eventually resulting in

7677 Additionally, in our in vitro

increased synaptic plasticity and synaptogenesis
experiments described in Chapter 111, we found that primary neurons treated with ketamine
had increased expression of metabotropic glutamate receptor 1 (Grml) and that
“glutamatergic synapse” was amongst the annotations found via functional enrichment

analysis to be significantly up-regulated in ketamine-treated neurons.

Several proteins involved in translation were found to be amongst those with [logoaFC| > 1
and p < 0.05 (Table 4.2). Nine ribosomal proteins had increased expression (Rps8, Rpl15,
Rps11, RpsS, Rpl3, Rps6, Rpl22, Rpl36a, and Rps13), while three ribosomal proteins had
decreased expression (Rpsl5a, Rps18, and Rplp2). Two eukaryotic translation initiation
factor (EIF) proteins were found to be down-regulated (Eif5 and Eif4g2b). Translation-
associated proteins such as protein pelota homolog (Pelo) and SRA stem-loop-interacting
RNA-binding protein (Slirp) were also down-regulated, whereas signal recognition particle
subunit SRP68 (Srp68) was up-regulated. These relatively strong shifts in expression of
translational machinery components might be related to the overall increase in protein
synthesis discussed above that we observed in zebrafish larvae exposed to ketamine (Fig.
4.5). We also saw significant changes in expression of proteins involved in translation in our
BONCAT proteomics data from cultured primary neurons treated with ketamine (Chapter
III), although our in vitro data showed that these proteins and pathways were mainly down-

regulated, whereas our in vivo data from zebrafish showed some proteins increasing in
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expression and others decreasing. Furthermore, Li et al. reported that low doses of ketamine

activate mTOR signaling in mice, resulting in increased expression of synaptic proteins in
the rat prefrontal cortex”, and this mTOR activation could also give rise to increased

translation more broadly, including increased expression of ribosomal proteins.

Table 4.2. Proteins involved in translation found to be differentially regulated in zebrafish
larvae treated with 1 pM ketamine.

Protein Gene Name Log,FC P-Value
40S ribosomal protein S8 ps8 3.181 0.0234
Ribosomal protein L15 rpll5 2.998 0.0334
40S ribosomal protein S11 rpsll 2.426 0.0262
Ribosomal protein S5 pss 1.799 0.0291
Signal recognition particle subunit SRP68 srp68 1.792 0.0412
Ribosomal protein L3 pl3 1.479 0.0250
40S ribosomal protein S6 sp6 1.432 0.0191
Ribosomal protein L22 rpl22 1.311 0.0330
60S ribosomal protein L36a rpl36a 1.305 0.0208
40S ribosomal protein S13 rpsl3 1.092 0.0497
Protein pelota homolog pelo -1.026 0.0323
Eukaryotic translation initiation factor 4, gamma 2b eif4g2b -1.305 0.0333
SRA stem-loop-interacting RNA-binding protein slirp -1.638 0.0146
Eukaryotic translation initiation factor 5 eif5 -1.790 0.0102
40S ribosomal protein S15a rpsl5a -1.917 0.0165
40S ribosomal protein S18 rps18 -2.184 0.0115
60S acidic ribosomal protein P2 rplp2 -3.911 0.0016

Fold change values were calculated via label-free quantification. P-values shown are not adjusted for
FDR.

Finally, we identified six crystallin proteins (a combination of - and y-crystallins) to be
amongst the 69 proteins with logoFC > 1 and p < 0.05. This class of proteins is found in the
eye lens and plays a role in the development of the zebrafish visual system. It is unclear what
this might imply beyond the possibility that ketamine could influence larval zebrafish eye

development, which could result from altered protein synthesis in the eye downstream of
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signaling pathways such as mTOR, which has been shown to be stimulated by ketamine

treatment’®.

We examined our differential expression data for semaphorins and collapsin response
mediator proteins (CRMPs), as we observed that these classes of proteins had interesting
changes in expression in our in vitro primary neuron experiments (Chapter I1I). We did not
identify any semaphorins in our zebrafish BONCAT proteomics data, and while we did
identify six CRMPs, they did not have the same pattern of expression as what we observed
in cultured neurons, where we observed an overall increase in expression of CRMPs. In
zebrafish treated with ketamine, Dpysl4 was found to be more strongly down-regulated
(log2FC =2.040, p=0.0117), whereas the other CRMPs identified had no significant change
in expression (p > 0.05). Of these, four had positive logoFC values (Dpysl2b, Dpysl2a,
Dpysl3, Dpysl5b) and one had a negative log2FC value (Dpysl5a). Ultimately, however, the
lack of statistical significance associated with these results makes it impossible to draw
meaningful conclusions regarding how low-dose ketamine treatment affects CRMP

expression in zebrafish.

We performed functional enrichment analysis to determine whether any annotations across
several databases were significantly positively or negatively enriched in ketamine-treated
zebrafish larvae compared to controls. Only seven pathway annotations were found to be
significantly altered (FDR-adj. p <0.05), all of which were negatively enriched in ketamine-
treated samples (Table 4.3). The one potentially interesting down-regulated pathway in
ketamine-treated fish given our own results, as well as existing research on ketamine’s effects
on protein synthesis, was “cytoplasmic ribosomal proteins”. This result agrees with the
down-regulation of several proteins involved in translation that we observed in our
differential expression analysis results, as well as with our functional enrichment analysis
results in our in vitro BONCAT experiments with cultured primary neurons (Chapter III),
where various pathway annotations related to translation were found to be down-regulated
in response to ketamine treatment. The rest of the down-regulated annotations identified were

related to extracellular matrix components, such as collagen, or proteins found in heart tissue.
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Table 4.3. Seven annotations from various pathway annotation databases were significantly
negatively enriched in ketamine-treated zebrafish larvae compared to controls.

. . Genes in Enrichment s FDR-Adj.
Annotation Database Annotation Set Mapped Score Direction P-Value

GO Molecular Function | xtracellular matrix 31/155 0.754 Down 0.0219
structural constituent

GO Cellular Component | Collagen trimer 27/104 1.01 Down 0.0049

WikiPathways Cytoplasmic ribosomal 55/78 0.344 Down 0.0495
proteins

TISSUES Heart ventricle 103/172 0.247 Down 0.0245

TISSUES Right ventricle 96/160 0.266 Down 0.0245

COMPARTMENTS Collagen trimer 25/69 1.01 Down 0.0072

Pfam Collagen triple helix repeat 30/92 0.899 Down | 0.0025

Functional enrichment (igefl(;?sl;ss) was performed using the STRING database APIL. P-values
(Kolmogorov-Smirnov) were adjusted for multiple hypothesis testing using the Benjamini—-Hochberg
procedure.

Second attempt testing low-dose ketamine treatment of zebrafish larvae was unable to
reproduce results of initial experiment

In an effort to acquire data with greater statistical significance, we attempted this experiment
a second time using more samples per condition (n=6 per condition instead of n=4 per
condition in the first iteration of the experiment analyzed above). We also used slightly more
mature zebrafish larvae (6 dpf rather than 5 dpf), as these would be closer in age to those
used in the work of Andalman et al. and of Duque et al. investigating ketamine in
zebrafish®!62, Unfortunately, one sample was lost during the BONCAT enrichment protocol
due to a faulty bead washing column and another two samples (Ctl 6 and Ket 1) were
discarded as outliers, since the range of raw abundance values detected in those samples via

LC-MS/MS were substantially lower than those detected in the rest of the samples (Fig. 4.8).

We identified fewer proteins in this experiment than we did in the previous one (2,279
proteins). This may have been due to our desalting the samples prior to LC-MS/MS analysis
to avoid their clogging the column, as this multi-step process for sample purification can lead
to substantial protein loss. While we did once again observe greater protein synthesis in
ketamine-treated zebrafish larvae compared to untreated controls, the effect was not as strong

as the previous experiment; in this attempt, only 68% of proteins identified in both conditions
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Figure 4.8. Two samples from second BONCAT proteomics experiment investigating the effect
of ketamine treatment on protein synthesis in zebrafish larvae were discarded as outliers due
to overall lower raw abundances. Scatter plot depicts raw abundance values (unitless) from LC-
MS/MS analysis for all proteins identified in each sample. The top and bottom of each box are the
75™ and 25" percentiles of the data, respectively. The line in the middle of each box is the median
protein abundance for that sample. The whiskers extend to the maximum of the set of data points
that are less than 1.5 times the interquartile range beyond the edges of the box. “Ctl 6” and “Ket 1”
were ultimately discarded as outliers given the substantially lower raw abundance values detected in
those samples.

after BONCAT enrichment had higher raw abundances in the ketamine-treated samples (Fig.
4.9A). We also did not see clear separation or clustering of samples via PCA after
normalizing raw abundances across all samples (Fig. 4.9B). These results indicate that drug
treatment was not the primary driver of variability in the dataset captured by the first two
principal components, or that the effect size attributable to sample treatment condition is

small relative to overall variance in the data.
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Figure 4.9. Second BONCAT proteomics experiment investigating protein synthesis in
ketamine-treated zebrafish larvae produced different results than initial attempt. (A) ECDF
depicting the log ratios of the average raw abundances of proteins identified after BONCAT
enrichment in zebrafish larvae (6 dpf) treated for 12 h with 1 uM ketamine (racemate) and 4 mM
AHA to their average raw abundances in control samples treated only with 4 mM AHA. (B) PCA
plot shows less defined clustering and poor separation between ketamine-treated and control
samples. PCA was performed using median normalized abundance data. n = 5 biological replicates
for untreated control larvae. n = 4 biological replicates for ketamine-treated larvae.

Differential expression analysis of this dataset revealed 55 proteins with |log:FC| > 1 and p
< 0.05, with 18 proteins up-regulated and 37 proteins down-regulated (Fig. 4.10). Similar to
the previous experiment, however, none of the p-values in the dataset were less than 0.05
after adjusting for multiple hypothesis testing. None of these 55 proteins overlapped with
the 97 proteins found in the previous dataset to have [log2FC| > 1 and p <0.05. Nevertheless,
several interesting proteins did appear. In particular, the protein with the second highest
logoFC value was Grin2db (log2FC = 3.803, p = 0.00435), which encodes a subunit of the
NMDA receptor. Although different from the uncharacterized gene predicted to encode a

glutamate receptor subunit in the first experiment, it was interesting that glutamate receptor

subunits were up-regulated in both analyses.

Only one of these 55 proteins encoded a ribosomal protein (Rpl23, logoFC = 2.595, p =
0.00434), unlike the previous experiment were several proteins involved in translation were
found to have more pronounced and primarily decreasing shifts in expression. Instead, in
this experiment, we found several proteins with [log:FC| > 1 and p < 0.05 that are expressed
in the brain and play interesting roles in synaptic plasticity, dendritic spine remodeling,

transport of synaptic cargos and neurotransmitters, brain development, and neurite
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Figure 4.10. Differential expression analysis of BONCAT proteomics data reveals fewer up- or
down-regulated proteins in second attempted experiment comparing zebrafish larvae treated
with 1 pM Kketamine to untreated controls. Volcano plot comparing median normalized
abundances of BONCAT-enriched proteins from zebrafish larvae (6 dpf) treated for 12 h with 1 uM
ketamine (racemate) and 4 mM AHA to those from control zebrafish larvae (6 dpf) treated only with
4 mM AHA. Fold change values were calculated via label-free quantification. Proteins with log>(FC)
> 1 and p < 0.05 that are up-regulated in fish treated with ketamine are depicted in red, whereas
proteins with log>(FC) < 1 and p < 0.05 that are down-regulated in fish treated with ketamine are
depicted in blue. Horizontal dashed line depicts p = 0.05. No proteins passed the threshold for
statistical significance (FDR-adj. p < 0.05) after adjusting for FDR using the Benjamini-Hochberg
procedure.
outgrowth. In addition to Grin2db, other neuronally expressed proteins include non-muscle
myosin IIA heavy chain (Myhl4, logo;FC = 4.593, p = 0.00340), annexin A3 (Anxa3b,
logoFC = 1.504, p=0.0137), cofilin 1 (Cfll, logoFC = 1.387, p = 0.0394), kinectin 1 (Ktnl,
logoFC =—-1.122, p=0.0336), GABA transporter 1 (Slc6ala, logoFC =—1.243, p = 0.0398),
hippocalcin (Hpca, logaFC = —1.475, p = 0.0335), stress-induced phosphoprotein 1 (Stip1,
logoFC=-1.594, p=0.0351), growth arrest-specific 6 (Gas6, logogFC =—1.893, p=0.00224),
and SWI/SNF-related, actin-dependent chromatin remodeler A1 (Smarcal, logoFC =—3.142,

p = 0.00265).

We also identified several cytoskeletal or cytoskeleton-interacting proteins amongst those
with |log2FC| > 1 and p < 0.05. These include some of the proteins mentioned above that

have structural functions in neurons (e.g. Myhl14, Cfll, Ktnl, Smarcal, Anxa3b), which
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interact with or modify actins, as well as thymosin B (Tmsbl, logoFC = 1.557, p = 0.0428),

nebulin fragment (Neb, logoFC = —1.831, p = 0.0146), collagen XXVIII a2a (Col28a2a,
logoFC = —3.262, p = 0.0142), and centromere protein F (Cenpf, logoFC = —4.699, p =
0.0211).

These results are in alignment with those from our BONCAT experiment in cultured primary
neurons, where we found several synapse-associated proteins and structural proteins to be
significantly differentially expressed in response to ketamine treatment. Although our
zebrafish data lack the statistical significance required to draw confident conclusions without
follow up experiments confirming the changes in expression of these proteins, altogether,
our in vitro and in vivo data paint a picture of rapid synaptic plasticity, altered neuronal
morphology, and neural circuit rewiring in upon exposure to sub-dissociative,

antidepressant-level doses of ketamine.

We performed functional enrichment analysis on the data from this second experiment to
determine which pathway annotations were significantly up- or down-regulated in ketamine-
treated fish compared to controls. No pathways related to synaptic functions, cytoskeletal
components, or translation were found to be enriched in either set of samples. The only six

annotations found to be significantly altered were annotations for heart-related structures

2% ¢ 2 ¢ 2 ¢

(“atrium,” “right atrium,” “cardiovascular system,” “right ventricle,” “heart,” “heart
ventricle”), the latter two of which were also negatively enriched in ketamine-treated fish in

the first experiment.

Having observed somewhat different results across two attempted experiments, we decided
against continuing to use BONCAT proteomics to investigate ketamine-induced changes in
protein synthesis in zebrafish larvae. While time constraints prevented us from pursuing this
further, we believe that increasing the number of samples per condition, as well as continuing
to optimize the BONCAT enrichment and proteomics sample preparation processes, would
improve reproducibility across experiments and increase the likelihood of identifying

statistically significant, biologically interesting changes in protein expression.
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4.4 Conclusions and Future Directions

Our ultimate goal in developing in vivo BONCAT proteomics methods is to understand
molecular changes underlying transient behavioral phenomena. The work summarized in this
chapter describes the first attempts at using BONCAT in zebrafish to do time-resolved
proteomics to shed light on questions in behavioral neuroscience. We first aimed to probe
circadian changes in protein expression underlying sleep wake behaviors, and later sought to
identify changes in protein synthesis that might drive ketamine’s rapid-acting antidepressant
effects at low doses. While our BONCAT proteomics data revealed some interesting changes
in protein synthesis in both sets of experiments, our results did not pass the threshold of
statistical significance or the level or reproducibility across experiments required to draw
strong biological conclusions. However, with additional work to improve the BONCAT
method in zebrafish, we are optimistic that BONCAT proteomics will be able to reveal
meaningful molecular level insights into sleep, depression, and many other behaviors being

studied in this exciting model organism.

There are multiple parts of the BONCAT enrichment process that could be further optimized
for more efficient separation of AHA-labeled proteins. For example, in our early BONCAT
experiments in zebrafish, we found that adjusting the volume of DBCO-agarose beads used
in the enrichment seemed to have an effect on the relative abundances of proteins identified
in labeled versus unlabeled samples. Further testing could identify the optimal bead quantity
to reduce background without excessively reducing the number of proteins identified.
Additionally, background from unlabeled proteins might be reduced by replacing agarose
beads with magnetic beads, which we hypothesize would have less non-specific adsorption
of unlabeled proteins. Magnetic beads would also likely simplify and reduce the number of
required wash steps, resulting in less bead loss and therefore less protein loss. Thus, magnetic
beads have the potential minimize background signal from non-AHA-labeled proteins while

maximizing the retention of AHA-labeled proteins.

The usefulness of BONCAT proteomics for answering neuroscientific questions in zebrafish

would further benefit from the implementation of cell-type-specific labeling strategies,
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particularly within neurons. In our experiments, most AHA-labeled proteins likely originated

from tissues outside the brain, limiting the specificity and interpretability of our proteomics
data as it applies to brain-based phenomena. To address this issue, we dedicated considerable
effort toward reproducing results published by Shahar et al., who successfully demonstrated
cell-type-specific labeling of newly synthesized proteins in larval zebrafish neurons by
expressing a modified methionyl tRNA synthetase (MetRS) capable of charging the bulkier
azide-bearing noncanonical amino acid ANL under the control of a neuron-specific
promoter’”®. However, in our hands, their Tg(Elavi3:Gald4, UAS:CFP-T2A-MetRS**7%C)
transgenic fish line showed mosaic expression of the mutant MetRS in the brain rather than
pan-neuronal epxression. We observed slightly stronger albeit asymmetrical expression in
the habenula and weak, sparse expression across the rest of the brain that varied from larva
to larva (data not shown but available upon request). MetRS expression levels, evaluated
based on CFP signal intensity, correlated with ANL labeling visualized via FUNCAT
experiments. Our efforts to engineer a similar transgenic fish line by injecting embryos with
a redesigned plasmid construct were also unsuccessful. The development of a stable
transgenic fish line with strong pan-neuronal expression of the mutant MetRS is a necessary
first step for achieving cell-type-specific time-resolved BONCAT proteomics in zebrafish.
From there, the methodological improvements suggested earlier would be critical, since the
affinity purification of ANL-labeled proteins from a subset of cells in zebrafish larvae
presents an even more complicated enrichment problem than AHA labeling across the whole

animal.

Finally, before going further with studies of ketamine in zebrafish larvae, it would be
worthwhile to test whether such low doses of ketamine (1 uM) produce the desired
antidepressant-like effect in this animal model using a relevant behavioral assay. Even
though the small size and permeable skin of zebrafish larvae facilitate the uptake of drugs
from their surrounding medium, it is possible that pharmacokinetics of drug absorption and
metabolism by zebrafish larvae would require higher concentrations of ketamine in the
swimming water to achieve the necessary concentration in brain tissue to give rise to

antidepressant effects. Andalman et al. and Duque et al. reported antidepressant-like effects
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from ketamine treatment in zebrafish larvae, but both groups used recovery periods prior to

testing behavior®"-52, Therefore, one would need to determine whether it is possible to elicit
similar antidepressant effects in fish from sub-anesthetic doses of ketamine before
performing time-resolved BONCAT proteomics under these conditions to draw conclusions

relevant to the behavioral phenomenon of interest.

4.5 Materials and Methods

Zebrafish Husbandry

Animal husbandry and all experimental procedures involving zebrafish were performed in
accordance with the California Institute of Technology Institutional Animal Care and Use
Committee (IACUC) guidelines and by the Office of Laboratory Animal Resources at the
California Institute of Technology (animal protocol 1836). All experiments used wildtype
(hybrid TLAB) zebrafish 4-7 days post fertilization (dpf). Sex is not yet defined at this stage
of development. Fish were raised in an incubator at 28.5°C in petri dishes containing E3
embryo medium (5 mM NaCl, 0.17 mM KCl, 0.33 mM CaCls, 0.33 mM MgSOys) at a density
of 50 zebrafish larvae per dish.

AHA labeling for BONCAT and FUNCAT in zebrafish larvae

To initiate labeling of newly synthesized proteins in zebrafish larvae, E3 was removed from
petri dishes and replaced with 20 mL 4 mM AHA (Iris Biotech, HAA9280) dissolved in E3,
filtered with a 0.2 uM filter, and brought to 28.5°C prior to treatment. Fish treated with AHA
for 12 h were administered AHA either at 6 dpfat 9 am (day) or at 6 dpf at 9 pm (night). Fish
treated with ketamine and untreated controls in those experiments were labeled for 12 h
during the day. To perform treatments, E3 removed from petri dishes and replaced with 20
mL of E3 with 4 mM AHA and, for ketamine-treated samples, with 1 uM ketamine. Larvae
were left in the 28.5°C incubator for the duration of labeling. After the desired labeling time,
the 4 mM AHA solution was removed from the dishes, and fish were rinsed three times with
E3 prior to collection. Zebrafish larvae were collected in 5-mL Eppendorf tubes (150 fish
collected from three dishes per 5-mL tube) and placed on ice for euthanasia. After 1 hour,

fish were transferred from the 5-mL tubes to 1.5-mL Eppendorf tubes. All E3 was removed
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from the tube, and the remaining pellet of zebrafish was stored at —80°C until subsequent

lysis and chemical enrichment.

Preparation of zebrafish lysates

After thawing, 500 pL lysis buffer containing 0.2% (w/v) n-dodecyl-p-maltoside (Thermo
Fisher Scientific, 329370010), 2.5% (w/v) sodium dodecyl sulfate (Sigma-Aldrich, L5750),
and 1:1000 EDTA-free protease inhibitors (Millipore, 539134) in 1X PBS was added to each
tube containing zebrafish larvae. Zebrafish tissue was homogenized using a handheld
motorized pestle for approximately 1 minute per sample, until mostly homogeneous by eye.
Samples were transferred to 15-mL falcon tubes on ice for sonication, which was performed
4 x 30 s at 30% amplitude (QSonica), cycling through samples to allow foam at the surface
to settle between sonication intervals. After sonication, benzonase (Sigma-Aldrich, E8263-
25KU) was added to each sample at a ratio of 1:500, or 1 pL benzonase per tube, and left to
incubate at room temperature for 5 min to degrade DNA and RNA in the samples that may
not have been sheared via sonication. Samples were transferred to 1.5-mL Protein LoBind
tubes (Eppendorf, 02243108), heated at 95°C for 10 min on a heating block, and cleared by
centrifugation (20 min, 20,600 g, 4°C). Supernatants were transferred to new Protein LoBind
tubes. Protein concentrations in each lysate were measured using the Pierce™ BCA Protein
Assay Kit (performed on aliquots of lysates diluted 10-fold to ensure the concentrations
measured were within the assay’s dynamic range) and normalized across all samples using
2.5% SDS in PBS, resulting in each sample containing the same mass of protein (typically

1-3 mg) in a total volume of 500 pL. Lysates were stored at —80°C for further processing.

BONCAT enrichment and sample preparation for mass spectrometry

Lysates were first alkylated by treatment with 100 pL. of 600 mM chloroacetamide (Sigma-
Aldrich, C0267) in 0.8% SDS/PBS and incubation on a tube shaker at 65°C for 30 min in
the dark at 1200 RPM. Following alkylation, 600 uL of 8 M urea / 0.85 M NaCl in PBS were
added to the lysate (final concentration of urea: 4 M) along with 30 pL aza-
dibenzocyclooctyne (DBCO) agarose beads (Vector Laboratories, CCT-1034). The copper-

free click reaction was incubated on a rotary wheel at a low speed in the dark at room
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temperature for 24 h. Samples were centrifuged at 1.5k RCF for 1 min, the supernatant was

removed, and samples were reduced by adding 500 pL of 5 mM dithiothreitol (Sigma-
Aldrich, 43815) in 0.8% SDS/PBS to each sample and incubating on a tube shaker for 15
min at 70°C and 1200 RPM in the dark. After centrifugation and removal of supernatant,
samples were subjected to another alkylation step using 500 pL of 40 mM chloroacetamide
and placement on a rotary wheel in the dark at room temperature for 30 min. Beads were
then subjected to a series of thorough wash steps to remove nonspecifically bound proteins,
first with 50 mL 0.8% (w/v) SDS in PBS, then with 50 mL urea in 100 mM tris hydrochloride
(pH = 8.0), and finally with 50 mL 20% (v/v) acetonitrile (ACN) in doubly distilled water.
Washed beads were transferred to 1.5-mL Protein LoBind tubes using 10% ACN in 50 mM
ammonium bicarbonate, using 500 pL, then 300 pL, then 300 pL solution to ensure maximal
resuspension and collection of beads from the columns. Samples were centrifuged at 1.5k

RCF for 1 min and all but 100 puL of the supernatant was removed.

On-bead digestion was carried out by adding 0.1 pg trypsin and 0.05 pg endoproteinase LysC
to each sample and incubating overnight on a tube shaker at 37°C and 1200 RPM. The
following morning, samples were spun down at 1.5k RCF for 1 min and the peptide-
containing supernatants were transferred to Pierce™ Centrifuge Columns (Thermo
Scientific, 89868). The process of collecting peptides was repeated with three additional bead
washes. For the first, 100 uL 20% ACN in LC-MS Grade Pierce™ Water (Thermo Scientific,
51140) was added to each tube, samples were centrifuged for 1.5k RCF for 1 min, and
supernatant was transferred to the Pierce™ Centrifuge Columns. This was repeated two more
times, each with 100 L 20% ACN solution which were combined in the Pierce™ Centrifuge
Columns. Samples were then centrifuged at 1.5k RCF for 1 min to remove any DBCO-
agarose resin carried over in the supernatants. Tubes containing the flow-through were

placed on a SpeedVac and vacuum concentrated until dry.

Samples were resuspended in 0.2% formic acid in LC-MS grade water and desalted using
C18 ZipTips (Millipore, ZTC18S096) following instructions provided by the manufacturer.

Activation solution consisted of 100% ACN, equilibration solution and wash solution were
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both 0.2% formic acid in LC-MS grade water, and elution solution was 0.2% FA and 70%

ACN in LC-MS grade water. Eluted peptides were vacuum concentrated to dryness and
resuspended in 10 pL 0.2% formic acid for subsequent LC-MS/MS analysis.

LC-MS/MS analysis

All samples were analyzed on an Eclipse mass spectrometer (Thermo Fisher Scientific, USA)
coupled to a Vanquish Neo UHPLC system (Thermo Fisher Scientific, USA). Peptides from
BONCAT-enriched samples were separated on an Aurora UHPLC Column (25 cm x 75 pm,
1.7 um C18, AUR3-25075C18-TS, Ion Opticks) with a flow rate of 0.35 pL/min for a total
duration of 1 h and ionized at 1.6 kV in the positive ion mode. The gradient was composed
of 6% solvent B (3.5 min), 6-25% B (41.5 min), 25-40% B (15 min), 40-98% B (2 min) and
98% B (5min), with the remaining volume composed of solvent A, where solvent A is 2%
acetonitrile (ACN, Fisher Scientific, A9554) and 0.2% formic acid (FA, Fisher Scientific,
A11750) in water, and solvent B is 80% ACN and 0.2% formic acid in water. For samples
from whole lysates, 2 pug of peptides were separated on an Aurora Frontier™ column (60 cm
x 75 um, 1.7 um C18, AUR3-60075C18, Ion Opticks) at 0.30 pL/min for a total duration of
2 h and ionized at 1.8 kV. The gradient was composed of 6% solvent B (7.5 min), 6-25% B
(82.5 min), 25-40% B (30 min), 40-98% B (1 min) and 98% B (9 min). MS1 scans were
acquired in the Orbitrap at the resolution of 120,000 from 375 to 1,600 m/z. Automatic gain
control (AGC) was set to a target of 106 and a maximum injection time of 50 ms. MS2 scans
were acquired in the ion trap using fast scan rate on precursors with 2-7 charge states and
quadrupole isolation mode (isolation window: 1.2 m/z) with higher-energy collisional
dissociation (HCD, 30%) activation type. Dynamic exclusion was set to 30 s. lon transfer

tube temperature was 300°C and the S-lens RF level was set to 30.

Proteomic data processing and analysis

MS raw files were searched against the Uniprot Danio rerio proteome (UP000000437) using
the Proteome Discoverer 3.0 software based on the SequestHT algorithm. Oxidation /
+15.995 Da (M), deamidated / +0.984 Da (N) were set as dynamic modifications;

carbamidomethylation / +57.021 Da (C) was set as a fixed modification. The precursor mass
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tolerance was set to 10 ppm; fragment mass tolerance was set to 0.6 Da. The maximum false

peptide discovery rate was specified as 0.01 using the Percolator Node validated by g-value.
The relative abundance of parental peptides was calculated by integration of the area under

the curve of the MS1 peaks using the Minora LFQ node.

Raw protein quantification data exported from Proteome Discoverer 3.0 was imported into

R and analyzed wusing the Tidyproteomics package (version 1.7.3)

(https:/jeffsocal.github.io/tidyproteomics/index.html)?’. Once imported, the data were

filtered for common protein contaminants and normalized between runs via median
normalization. Differential expression analysis was performed in the Tidyproteomics

package using the limma algorithms (https:/bioinf.wehi.edu.au/limma/). All plots were

generated using a separate analysis pipeline in Python. Jupyter notebooks with Python code

can be provided upon request.

Functional enrichment analysis to identify significantly up- or down-regulated pathways and
annotations was performed using “Proteins with Values/Ranks — Functional Enrichment

Analysis” feature on the STRING database website (https://string-db.org, Version 12.0). For

each comparison, the search input consisted of Uniprot accessions and logoFC values for all

proteins included in the differential expression analysis. FDR stringency was set to 0.05.


https://jeffsocal.github.io/tidyproteomics/index.html
https://bioinf.wehi.edu.au/limma/
https://string-db.org/
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4.6 Supplementary Information

Table S4.1. Functional enrichment analysis reveals pathway and process annotations that are
positively or negatively enriched during night 6 compared to during day 6 (Experiment #1).

. . Genes in Enrichment s FDR-Adj.
Annotation Database Annotation Set Mapped Score Direction P-Value
GO Function Peptidase regulator activity 14/189 2.4998 Down 0.0269
GO Function Endopeptidase regulator 13/153 257826 Down 0.0269
activity

GO Function Endopeptidase inhibitor 11/144 2.66862 Down 0.0399
activity
Mixed, incl. HDR through

STRING clusters Single Strand Annealing 4/75 6.14054 U 0.0116
(SSA), and ATP-dependent : P :
DNA damage sensor activity
Thrombospondin type-1 Up &

InterPro (TSP1) repeat 3/42 5.97392 Down 0.0427
Thrombospondin type-1 Up &

InterPro (TSP1) repeat superfamily 3/42 5.97392 Down 0.0427

SMART Thrombospondin type 1 3/85 5.97392 Up & 0.026
repeats Down

Functional enrichment analysis was performed using the STRING database API. P-values (calculated
using the Aggregate Fold Change, or AFC, method) were adjusted for multiple hypothesis testing
using the Benjamini—Hochberg procedure.
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Table S4.2. Functional enrichment analysis reveals pathway and process annotations that are
positively or negatively enriched during night 6 compared to during day 7 (Experiment #3).

Annotation Annotation Genes in Enrichment Direction FDR-Adj.
Database Set Mapped Score P-Value
GO Process Nucleosome assembly 16/99 4.53048 Up 2.29E-05
GO Process Chromosome condensation 13/40 5.47061 Up 2.29E-05
GO Process Negative regulation of DNA 11/47 6.45358 Up 229E-05
recombination
GO Process Negative regulation of DNA 19/107 3.69843 Up 2.29E-05
metabolic process
GO Process protein-DNA complex assembly 20/180 3.73841 Up 2.29E-05
GO Process Extracellular matrix organization 63/280 1.86735 Up 4.87E-05
GO Process Lipid localization 64/385 0.839171 Down 0.0012
GO Process Small molecule catabolic process 126/329 0.578288 Down 0.0029
GO Process Lipid transport 57/342 0.809251 Down 0.0037
GO Process Small molecule biosynthetic 93/383 0.660069 Down 0.0037
process
GO Process Alpha-amino acid catabolic 44/99 0.623444 Down 0.0044
process
GO Process Regulation of DNA 21/98 3.59374 Up 0.0051
recombination
GO Process protein-DNA complex subunit 28210 2.95083 Up 0.0079
organization
GO Process Chromatin organization 88/577 1.23204 Up 0.0081
Negative regulation of
GO Process nucleobase-containing 135/1071 0.954562 Up 0.0121
compound metabolic process
GO Process Chromatin assembly 23/143 3.24442 Up 0.0134
GO Process Carboxylic acid catabolic 93/224 0.591531 Down 0.0192
process
GO Process Organic hydroxy compound 22/119 1.10595 Down 0.0226
transport
GO Process Chromosome organization 119/867 0.958441 Up 0.0236
GO Process Nucleosome organization 23/128 3.41003 Up 0.0258
GO Process Cellular amino acid catabolic 51/115 0.622548 Down 0.0262
process
GO Process Chromatin remodeling 45/263 1.90657 Up 0.0281
GO Function Structural constituent of 18/160 429991 Up 1.06E-05
chromatin
GO Function Nucleosome binding 20/51 3.64261 Up 1.06E-05
GO Function Nucleosomal DNA binding 14/28 5.07123 Up 1.06E-05
GO Function Extracellular matrix structural 53/155 1.97449 Up 0.00014
constituent
GO Function Double-stranded DNA binding 98/2035 1.51644 Up 0.0011
GO Function Lipid transporter activity 27/188 1.06134 Down 0.0031
GO Function Chromatin DNA binding 23/82 3.27015 Up 0.0077
GO Function Chromatin binding 80/467 1.17463 Up 0.0142
GO Function Serine-type endopeptidase 31211 110156 Down 0.0142

activity
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GO Function

Peptidase activity

127/761

0.426841

Down

0.0142

GO Function

Endopeptidase activity

88/523

0.54428

Down

0.0386

GO Component

Nucleosome

20/173

3.93161

Up

1.34E-05

GO Component

Extracellular matrix

106/498

1.30308

Up

1.34E-05

GO Component

Collagen-containing extracellular
matrix

90/310

1.34049

Up

0.00014

GO Component

Collagen trimer

45/104

2.31324

Up

0.00021

GO Component

DNA packaging complex

28/245

3.07383

Up

0.0013

GO Component

Chromatin

79/534

1.36864

Up

0.0166

STRING clusters

Mixed, incl. Complement
activation, and Common
Pathway of Fibrin Clot
Formation

46/144

1.1022

Down

8.2E-06

STRING clusters

Apoptosis induced DNA
fragmentation, and DNA
binding, bending

14/33

3.9296

Up

0.000015

STRING clusters

Apoptosis induced DNA
fragmentation, and HMG box A
DNA-binding domain, conserved
site

10/22

5.09028

Up

0.000015

STRING clusters

Linker histone H1/H5, and G
protein-coupled receptor 37
orphan

6/15

6.64443

Up

0.000015

STRING clusters

Linker histone H1/H5, and G
protein-coupled receptor 37
orphan

4/10

7.24186

Up

0.000036

STRING clusters

Collagen biosynthesis and
modifying enzymes, and
Glycosyl transferase family 2

16/37

2.84357

Up

0.00027

STRING clusters

G protein-coupled receptor 37
orphan, and Linker histone
HI1/H5

3/5

7.67284

Up

0.00035

STRING clusters

Protein folding, and Cellular
response to heat stress

59/139

0.542517

Down

0.0027

STRING clusters

Protein folding, and DnaJ
molecular chaperone homology
domain

60/167

0.529432

Down

0.0046

STRING clusters

Collagen biosynthesis and
modifying enzymes, and TRIC
channel

12/24

2.65028

Up

0.0066

STRING clusters

Mixed, incl. Complement
activation, and Common
Pathway of Fibrin Clot
Formation

27/101

1.10716

Down

0.01

STRING clusters

Mixed, incl. Chaperone-
mediated protein folding, and
Chaperone binding

28/64

0.649456

Down

0.0112

STRING clusters

Unfolded protein binding, and
Cellular response to heat stress

43/91

0.592723

Down

0.0143

STRING clusters

Mixed, incl. Chaperone-
mediated protein folding, and
Chaperone binding

30/70

0.582327

Down

0.0143

STRING clusters

C-terminal tandem repeated
domain in type 4 procollagens,
and NCAMI1 interactions

9/11

2.86607

Up

0.0214
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Mixed, incl. mRNA editing
complex, and N6-

STRING clusters . .. 7/27 3.28243 Up 0.0251
methyladenosine-containing
RNA binding
Glycine, serine and threonine
STRING clusters metabolism, and One carbon 31/63 0.57426 Down 0.0282
pool by folate
Mixed, incl. mRNA editing
STRING clusters complex, and N6- 8/40 2.96902 Up 0.0284
methyladenosine-containing
RNA binding
KEGG Protein processing in 67/197 0.491342 Down 0.0256
endoplasmic reticulum
KEGG ECM-receptor interaction 37/101 1.52847 Up 0.0256
Reactome Apoptosis induced DNA 11/24 3.78349 Up 0.00011
fragmentation
Reactome Metabolism ofamino acids and 110211 0590925 | Down | 0.00011
erivatives
Reactome Collagen chain trimerization 12/21 3.2725 Up 0.00049
Reactome Non-integrin membrane-ECM 13124 2.81943 Up 0.0025
interactions
Reactome Integrin cell surface interactions 20/56 1.95669 Up 0.0111
Assembly of collagen fibrils and
Reactome other multimeric structures 16/42 2.1028 Up 0.0251
COMPARTMENTS | Extracellular matrix 75/275 1.51738 Up 9.42E-05
COMPARTMENTS Ii‘;g‘i‘fen'contam‘ng extracellular | ¢y 199 1.80313 Up 0.00015
COMPARTMENTS | Extracellular space 63/354 0.865203 Down 0.00055
COMPARTMENTS | Extracellular region 197/1274 0.481223 I[)J(I))vi 0.00065
COMPARTMENTS | Collagen trimer 35/69 2.50049 Up 0.0057
COMPARTMENTS | Complex of collagen trimers 10/15 2.95899 Up 0.0057
COMPARTMENTS | Fibrillar collagen trimer 8/10 3.02463 Up 0.0225
COMPARTMENTS | Banded collagen fibril 8/10 3.02463 Up 0.0225
COMPARTMENTS | Protein-lipid complex 14/46 1.40367 Down 0.0309
COMPARTMENTS | Plasma lipoprotein particle 14/46 1.40367 Down 0.0309
COMPARTMENTS | Lipoprotein particle 14/46 1.40367 Down 0.0309
UniProt Keywords Zinc-finger 131/2077 0.969685 Up 0.00053
UniProt Keywords Oxidoreductase 116/358 0.51899 Down 0.0018
UniProt Keywords Protease 76/361 0.742443 Down 0.0018
UniProt Keywords Zinc 195/2455 0.502859 Up 0.0118
UniProt Keywords Serine protease 21/107 1.26667 Down 0.0135
UniProt Keywords Chromosome 29/139 2.47783 Up 0.0224
Pfam Collagen triple helix repeat (20 44192 225865 Up 0.00091
copies)
InterPro ﬁ‘f;‘er histone H1/HS, domain 5/16 6.53213 Up 4.91E-05
InterPro Linker histone H1/H5 5/14 6.53213 Up 4.91E-05




NAD(P)-binding domain

InterPro .
superfamily

SMART ]5)oma1n in histone families 1 and

SMART Flbrluar collagens C-terminal
domain

SMART T_hrombospondm N-terminal -
like domains.

SMART Trypsin-like serine protease

SMART Fibronectin type 3 domain
C-terminal tandem repeated

SMART domain in type 4 procollagens

SMART K homology RNA-binding
domain

SMART Zinc finger

SMART Transglutaminase/protease-like
homologues

SMART Alpha-2-Macroglobulin

SMART Alpha-2-macroglobulin family

SMART A-macroglobulin receptor

54/134

12/26

14/18

12/25

23/141
42/246

4/6

21/41
49/1197
6/14

1124
1124
1124

0.653363

6.02503

2.78538

2.74723

1.18059
1.2027

4.43579

0.626374
1.2691
3.19111

1.39996
1.39996
1.39996

Down
Up
Up
Up

Down
Up
Up
Up
Up
Up

Down

Down

Down

147
0.0015

1.03E-05
0.00087

0.0035

0.0223
0.0223

0.0223

0.031
0.031
0.031

0.031
0.031
0.031

Functional enrichment analysis was performed using the STRING database API. P-values (calculated
either using the Aggregate Fold Change method or, for larger terms or terms with an unambiguous
signal, using a Kolmogorov-Smirnov test) were adjusted for multiple hypothesis testing using the

Benjamini—Hochberg procedure.
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Table S4.3. Functional enrichment analysis reveals pathway and process annotations that are
positively or negatively enriched during night 6 compared to during day 7 (Experiment #4).

Annotation Annotation Genes in Enrichment Direction FDR-Adj.
Database Set Mapped Score P-Value

GO Process Negative regulation of DNA 14/47 2.52579 Up 0.00012
recombination

GO Process Nucleosome assembly 17/99 1.76283 Up 0.0025

GO Process Chromosome condensation 14/40 2.01387 Up 0.0025

GO Process Negative regulation of proteolysis 54/230 0.856771 Down 0.0029

GO Process Negative regulation of 47178 0.819646 Down 0.0208
endopeptidase activity

GO Process Regulation of proteolysis 118/546 0.548303 Down 0.0208
Negative regulation of

GO Process nucleobase-containing compound 141/1071 0.627549 Up 0.0208
metabolic process

GO Process Negative regulation of DNA 21/107 1.66354 Up 0.0208
metabolic process

GO Process Nucleosome organization 23/128 1.51571 Up 0.0234

GO Process Regulation of DNA 22/98 152509 Up 0.0274
recombination

GO Process Negative regulation of hydrolase 55/240 0.780066 Down 0.0278
activity

GO Process Organic acid catabolic process 97/226 0.499549 Down 0.0292

GO Process Proteolysis involved in protein 129/702 0.232824 Down 0.0292
catabolic process

GO Process Alpha-amino acid catabolic 46/99 0.654099 Down 0.0297
process

GO Process Macromolecule catabolic process 177/973 0.217922 Down 0.03

GO Process Cellular amino acid catabolic 53/115 0.726907 Down 0.03
process

GO Process Carboxylic acid catabolic process 96/224 0.501706 Down 0.03

GO Process protein-DNA complex subunit 271210 1.34346 Up 0.03
organization

GO Process Small molecule catabolic process 130/329 0.54978 Down 0.0332

GO Function Structural constituent of 17/160 1.90626 Up 0.0002
chromatin

GO Function Nucleosomal DNA binding 14/28 2.16774 Up 0.0002

GO Function Chromatin DNA binding 20/82 1.56849 Up 0.0009

GO Function Endopeptidase inhibitor activity 45/144 0.87913 Down 0.0018

GO Function Peptidase inhibitor activity 46/155 0.854473 Down 0.0031

GO Function Endopeptidase regulator activity 47/153 0.835594 Down 0.0051

GO Function Double-stranded DNA binding 139/2035 0.527051 Up 0.0087

GO Function Serine-type endopeptidase 27/94 0.981159 Down | 0.0087
inhibitor activity

GO Function Extracellular matrix structural 49/155 0.469572 Up 0.0087
constituent

GO Function Peptidase regulator activity 55/189 0.707803 Down 0.0087

GO Function Enzyme inhibitor activity 65/304 0.653753 Down 0.0287

GO Component Nucleosome 19/173 1.66366 Up 0.00057
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GO Component Peptidase complex 47/108 0.507841 Down 0.00057
GO Component DNA packaging complex 28/245 1.64689 Up 0.00061
GO Component Proteasome complex 41/67 0.52215 Down 0.00095
GO Component Endopeptidase complex 43/86 0.481869 Down 0.0014
GO Component Collagen-containing extracellular - g0,31 0.416717 Up 0.0071
GO Component Collagen trimer 39/104 0.602241 Up 0.0072
GO Component Extracellular matrix 96/498 0.402037 Up 0.0097
GO Component Proteasome accessory complex 21/29 0.654084 Down 0.0135
Mixed, incl. Complement
STRING clusters activation, and Common Pathway 52/144 1.20235 Down 4.87E-05
of Fibrin Clot Formation
Mixed, incl. Complement
STRING clusters activation, and Common Pathway 35/101 1.28682 Down 0.00019
of Fibrin Clot Formation
Mixed, incl. Proteasome
STRING clusters complex, and ERAD pathway 57/144 0.628073 Down 0.00026
STRING clusters Proteasome 37/51 0.6133 Down 0.00065
STRING clusters | Lroteasome complex, and 40/74 0.539558 Down | 0.00068
Proteasome assembly
STRING clusters | | roteasome, and Proteasome 39/63 0.528211 Down | 0.00092
assembly
Apoptosis induced DNA
STRING clusters fragmentation, and DNA binding, 13/33 1.96761 Up 0.002
bending
Apoptosis induced DNA
fragmentation, and HMG box A
STRING clusters DNA-binding domain, conserved 1022 2.33705 Up 0.002
site
STRING clusters | Common Pathway of Fibrin Clot 20/45 145283 Down | 0.0053
Formation, and Coagulation
Linker histone H1/H5, and G
STRING clusters protein-coupled receptor 37 6/15 2.63117 Up 0.0316
orphan
Mixed, incl. Myosin IT complex,
STRING clusters and Striated muscle thin filament 56/125 0.109606 Up 0.0417
Amino acid import across plasma
STRING clusters membrane, and Amino acid 11/51 1.71995 Down 0.0417
transport across the plasma
membrane
Amino acid import across plasma
membrane, and Amino acid
STRING clusters 10/42 1.82768 Down 0.0417
transport across the plasma
membrane
Mixed, incl. Collagen
STRING clusters | iosynthesis and modifying 29/74 0.771011 Up 0.0417
enzymes, and Collagen fibril
organization
Collagen biosynthesis and
STRING clusters modifying enzymes, and 16/37 1.329 Up 0.0417
Glycosyl transferase family 2
Mixed, incl. Common Pathway of
STRING clusters Fibrin Clot Formation, and Acute 19/40 1.22377 Down 0.0417

inflammatory response
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Mixed, incl. Protein-lipid

STRING clusters . 10/29 1.78248 Down 0.0417
complex, and LDL remodeling

STRING clusters | L pototransduction, and Detection 23/77 0.755352 Up 0.0417
of visible light
Mixed, incl. Steroid biosynthetic

STRING clusters process, and Cytochrome P450 32/190 0.708489 Down 0.0417

KEGG Proteasome 36/55 0.531377 Down 0.0022

KEGG Steroid hormone biosynthesis 14/62 1.51839 Down 0.0148

KEGG Glycine, serine and threonine 26/44 1.05716 Down | 00148
metabolism

KEGG ECM-receptor interaction 37/101 0.754505 Up 0.0187
Metabolism of xenobiotics by

KEGG cytochrome P450 29/62 0.701543 Down 0.0213

KEGG Focal adhesion 91/264 0.447812 Up 0.034

Reactome ABC-family proteins mediated 38/82 0.679712 Down | 0.00051
transport

Reactome Metabolism of amino acids and 1122211 0.576275 Down | 0.00051
derivatives

Reactome G1/S Transition 31/98 0.630497 Down 0.0014

Reactome Cross-presentation of soluble 26/61 0652882 | Down | 0.0017
exogenous antigens (endosomes)
Autodegradation of Cdh1 by

Reactome Cdh1:APC/C 25/55 0.713296 Down 0.0017

Reactome APC/C:Cdc20 mediated 26/59 0652882 | Down | 00017
degradation of Securin
APC/C:Cdhl mediated
degradation of Cdc20 and other

Reactome APC/C:Cdhl targeted proteins in 26/65 0.652882 Down 0.0017
late mitosis/early G1

Reactome Cde20:Phospho-APC/C mediated | ) 0620669 | Down | 00017
degradation of Cyclin A

Reactome SCF(Skp2)-mediated degradation | 7,5 0.647998 Down | 0.0017
of p27/p21

Reactome Autodegradation of the E3 26/45 0652882 | Down | 0.0017
ubiquitin ligase COP1
Regulation of ornithine

Reactome decarboxylase (ODC) 26/43 0.652882 Down 0.0017

Reactome Metabolism of polyamines 28/50 0.671606 Down 0.0017

Reactome Transport of small molecules 169/566 0.317539 Down 0.0017

Reactome Mitotic GI phase and G1/S 33/123 0585400 | Down | 0.0017
transition

Reactome Asymmetric localization of PCP 27/54 0712306 | Down | 0.0017
proteins

Reactome Degradation of AXIN 26/46 0.652882 Down 0.0017

Reactome Hedgehog ligand biogenesis 30/57 0.631844 Down 0.0017

Reactome Deubiquitination 58/227 0.552542 Down 0.0017

Reactome UCH proteinases 34/82 0.636582 Down 0.0017

Reactome CDK-mediated phosphorylation 26/64 0652882 | Down | 00017
and removal of Cdc6

Reactome Cyclin E associated events during | g, 0.655492 Down | 0.0017
G1/S transition

Reactome Ubiquitin Mediated Degradation 26/45 0652882 | Down | 00017

of Phosphorylated Cdc25A
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Cyclin A:Cdk2-associated events

Reactome 28/65 0.655492 Down 0.0017
at S phase entry

Reactome Ubiquitin-dependent degradation 26/44 0652882 | Down | 0.0017
of Cyclin D

Reactome The role of GTSEI in G2M 26/44 0652882 | Down | 00017
progression after G2 checkpoint

Reactome Regulation of RUNX3 expression | ¢ 17 0649092 | Down | 00017
and activity

Reactome MAPK6/MAPK4 signaling 32/71 0.568618 Down 0.0026

Reactome DNA Replication Pre-Initiation 32/115 0.58454 Down 0.0026

Reactome APC/C-mediated degradation of 29/78 0574642 | Down 0.003
cell cycle proteins

Reactome Degradation of DVL 28/51 0.606492 Down 0.003

Reactome Regulation of RUNX2 expression | g, 0.580464 | Down 0.003
and activity

Reactome Ub-specific processing proteases 49/162 0.558467 Down 0.0031

Reactome Assembly of the pre-replicative 31/100 0592132 | Down | 0.0034
complex
RUNX]1 regulates transcription of

Reactome genes involved in differentiation 27/58 0.546831 Down 0.0043
of HSCs

Reactome CLECT7A (Dectin-1) signaling 33/73 0.524426 Down 0.0059

Reactome G2/M Checkpoints 36/130 0.384419 Down 0.0063

Reactome Dectin-1 mediated noncanonical 29/52 0.53392 Down | 0.0067
NF-kB signaling

Reactome Degradation of GLI1 by the 29/49 0.53088 Down | 0.0067
proteasome

Reactome Regulation of RAS by GAPs 29/57 0.56915 Down 0.0067

Reactome NIK-->noncanonical NF-kB 29/52 0.53392 Down | 0.0067
signaling

Reactome Orcl removal from chromatin 29/63 0.53088 Down 0.0067
FBXL7 down-regulates AURKA

Reactome during mitotic entry and in early 29/47 0.53088 Down 0.0067
mitosis
Transcriptional regulation by

Reactome RUNX2 29/55 0.553415 Down 0.0067

Reactome Drug ADME 34/118 0.508984 Down 0.0067
GSK3B and BTRC:CUL1-

Reactome mediated-degradation of NFE2L2 29/44 0.534713 Down 0.0067
Formation of Fibrin Clot

Reactome (Clotting Cascade) 15/44 1.37157 Down 0.0093

Reactome Intrinsic Pathway of Fibrin Clot 1135 1.6052 Down | 0.0097
Formation

Reactome Synthesis of DNA 31/109 0.437416 Down 0.0115

Reactome Neddylation 46/194 0.371543 Down 0.0135

Reactome fctvation of NE-kappa i B 30/54 0493922 | Down | 00168

Reactome Antigen processing-Cross 32/104 0517878 | Down | 0.0168
presentation

Reactome Hedgehog on state 30/72 0.478433 Down 0.0168

Reactome Nuclear events mediated by 30/48 0.507619 Down | 0.0168

NFE2L2
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Reactome S Phase 36/137 0.296173 Down 0.0174
Reactome KEAP1-NFE2L2 pathway 36/66 0.500482 Down 0.0196
Reactome Phase IT - Conjugation of 32175 0690939 | Down | 00203
compounds
Oxygen-dependent proline
Reactome hydroxylation of Hypoxia- 29/55 0.507694 Down 0.0242
inducible Factor Alpha
Transcriptional regulation by
Reactome RUNX3 29/67 0.345124 Down 0.0242
Reactome GLI3 is processed to GLI3R by 32/53 0459285 | Down | 0.0249
the proteasome
Reactome Common Pathway of Fibrin Clot 11/18 1.44833 Down | 0.0277
Formation
Reactome Nucleotide catabolism 10/28 1.50897 Down 0.0301
Reactome PCP/CE pathway 39/81 0.505793 Down 0.0314
Reactome Protein localization 30/100 0.621969 Down 0.0314
AUF1 (hnRNP DO) binds and
Reactome destabilizes mRNA 30/50 0.510137 Down 0.0342
Reactome DNA Replication 37/142 0.380637 Down 0.0342
Reactome Biological oxidations 61/177 0.552029 Down 0.0364
Reactome Apoptosis induced DNA 12/24 125964 Up 0.0386
fragmentation
Reactome PTEN Regulation 39/129 0.214148 Down 0.0468
Transcriptional regulation by
Reactome RUNXI 39/147 0.335262 Down 0.0468
TISSUES Heart 183/399 0.164741 Down 0.0264
TISSUES Cardiovascular system 199/504 0.157028 Down 0.0345
COMPARTMENTS | Peptidase complex 49/111 0.478981 Down 0.0016
COMPARTMENTS | Proteasome complex 41/73 0.501555 Down 0.0021
COMPARTMENTS Ii‘;g‘i‘fen'contam‘ng extracellular 55/199 0.739842 Up 0.0026
COMPARTMENTS | Endopeptidase complex 44/87 0.451999 Down 0.0036
COMPARTMENTS | Extracellular matrix 66/275 0.57039 Up 0.0151
COMPARTMENTS | Chromosome 90/728 0.67535 Up 0.0273
UniProt Keywords DNA-binding 90/992 0.83844 Up 0.00019
UniProt Keywords Protease 88/361 0.430487 Down 0.0206
UniProt Keywords Proteasome 28/45 0.422081 Down 0.0245
Pfam Collagen triple helix repeat (20 42/92 0.516248 Up 0.0384
copies)
InterPro Beta/gamma crystallin 21/43 0.674033 Up 0.0097
InterPro Gamma-crystallin-like 21/43 0.674033 Up 0.0097
SMART 15)oma1n in histone families 1 and 1226 25201 Up 6.22E-05
SMART Beta/gamma crystallins 26/62 0.605431 Up 0.0057
SMART glbrﬂ%ar collagens C-terminal 11/18 1.60743 Up 0.0224
omain
SMART Alpha-2-Macroglobulin 11/24 1.658 Down 0.0224
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SMART Alpha-2-macroglobulin family 11/24 1.658 Down 0.0224

SMART A-macroglobulin receptor 11/24 1.658 Down 0.0224
Functional enrichment analysis was performed using the STRING database API. P-values (calculated
either using the Aggregate Fold Change method or, for larger terms or terms with an unambiguous

signal, using a Kolmogorov-Smirnov test) were adjusted for multiple hypothesis testing using the
Benjamini—Hochberg procedure.
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Table S4.4. Functional enrichment analysis reveals pathway and process annotations that are
positively or negatively enriched during night S compared to during day S (Experiment #5).

. . Genes in Enrichment s FDR-Adj.
Annotation Database Annotation Set Mapped Score Direction P-Value
GO Process Negative regulation of 56/240 0.5887 Down | 0.0088
hydrolase activity

GO Process Negative regulation of 49/185 0.574876 Down 0.0301
peptidase activity

GO Process Negative regulation of 48/178 0.584089 Down 0.0301
endopeptidase activity

GO Process Regulation of endopeptidase 69/313 0480488 | Down | 0.0301
activity

GO Process Regulation of peptidase activity 78/341 0.408551 Down 0.0357

GO Function Endopeptidase inhibitor 44/144 0.596041 Down | 0.0091
activity

GO Function Peptidase inhibitor activity 45/155 0.585744 Down 0.0091

GO Function Peptidase regulator activity 56/189 0.49356 Down 0.0091

GO Function Endopeptidase regulator 47/153 0.615448 Down 0.0091
activity
Mixed, incl. Complement
activation, and Common

STRING clusters Pathway of Fibrin Clot 27/101 0.908669 Down 0.0045
Formation
Mixed, incl. Complement
activation, and Common

STRING clusters Pathway of Fibrin Clot 45/144 0.640356 Down 0.0424
Formation

Reactome Integrin cell surface 21/56 1.2835 Down | 0.0259
interactions

COMPARTMENTS Extracellular region 185/1274 0.28682 Down 0.0159

Pfam Collagen triple helix repeat (20 38/92 0.793453 Down 0.0388
copies)

SMART Leucine-rich repeats, typical 9/163 2.13623 Up 0.0247

(most populated) subfamily

Functional enrichment analysis was performed using the STRING database API. P-values (calculated
using the Kolmogorov-Smirnov test, with the exception of the last annotation from the SMART
database, for which the p-value was calculated using the Aggregate Fold Change method) were
adjusted for multiple hypothesis testing using the Benjamini-Hochberg procedure.
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Table S4.5. Functional enrichment analysis reveals pathway and process annotations that are
positively or negatively enriched during night 6 compared to during day 6 (Experiment #2).

Annotation Annotation Genes in Enrichment Direction FDR-Adj.
Database Set Mapped Score P-Value

GO Process Negative regulation of DNA 11/47 2.73413 Down | 0.0039
recombination

GO Process Chromosome condensation 12/40 2.32589 Down 0.0087

GO Process Negative regulation of DNA 14/107 2.13926 Down 0.0087
metabolic process

GO Process Nucleosome assembly 16/99 1.79695 Down 0.018

GO Process Nucleosome organization 19/128 1.58917 Down 0.018

GO Process protein-DNA complex assembly 17/180 1.75998 Down 0.018

GO Process protein-DNA complex subunit 20210 1.56814 Down 0.018
organization

GO Process Intermediate filament 27/67 0.988753 Down 0.0225
cytoskeleton organization

GO Function Nucleosomal DNA binding 12/28 2.68112 Down 0.00048

GO Function Structural constituent of ribosome 77175 0.718973 Down 0.002

GO Function Structural constituent of 17/160 192656 Down 0.002
chromatin

GO Function Nucleosome binding 18/51 1.81574 Down 0.002

GO Function Chromatin DNA binding 20/82 1.63202 Down 0.0032

GO Function Microtubule binding 217277 0.496392 Up 0.0038

GO Function Calcium ion binding 110/813 0.253156 Up 0.0076

GO Component Nucleosome 20/173 1.72453 Down 0.0021

GO Component Cytosolic large ribosomal subunit 31/44 1.19905 Down 0.0021

GO Component Ribosome 83/199 0.672735 Down 0.0086

GO Component Cytosolic ribosome 5171 0.818397 Down 0.0086

GO Component Large ribosomal subunit 38/99 0.943483 Down 0.0147

GO Component Ribosomal subunit 65/155 0.719749 Down 0.0147

GO Component Ribonucleoprotein complex 189/603 0.479515 Down 0.0233
Cytoplasmic ribosomal proteins,

STRING clusters and Translation elongation factor 74/107 0.757481 Down 0.0015
EFG/EF2, domain IV
Cytoplasmic ribosomal proteins,

STRING clusters and High mobility group protein 72/101 0.774706 Down 0.0015
HMGN

STRING clusters Cytoplasmic ribosomal proteins, 70/96 0.772469 Down 0.0015
and Small ribosomal subunit

STRING clusters Cytoplasmic ribosomal proteins 69/86 0.788524 Down 0.0015

STRING clusters Cytoplasmic ribosomal proteins 66/81 0.784499 Down 0.0015

STRING clusters Cytoplasmic ribosomal proteins 62/71 0.760025 Down 0.0015

STRING clusters Cytoplasmic ribosomal proteins 31/38 1.12352 Down 0.0015

STRING clusters Cytoplasmic ribosomal proteins 26/31 1.13729 Down 0.0017

STRING clusters Cytoplasmic ribosomal proteins 65/76 0.709597 Down 0.0019

STRING clusters Cytoplasmic ribosomal proteins 57/66 0.810714 Down 0.0019
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Cytoplasmic ribosomal proteins,

STRING clusters . . 81/122 0.65952 Down 0.003
and Translational elongation

STRING clusters | Cytoplasmic ribosomal proteins, 80/113 0.660514 Down 0.0048
and Translational elongation
Apoptosis induced DNA

STRING clusters fragmentation, and DNA binding, 12/33 2.11616 Down 0.006
bending
Apoptosis induced DNA
fragmentation, and HMG box A

STRING clusters DNA-binding domain, conserved 9/22 2.49196 Down 0.006
site

STRING clusters Cytoplasmic ribosomal proteins 52/60 0.779636 Down 0.007

STRING clusters Cytoplasmic ribosomal proteins 47/55 0.803219 Down 0.0087
Mixed, incl. Complement

STRING clusters activation, and Common Pathway 17/101 1.5842 Down 0.0112
of Fibrin Clot Formation
Linker histone H1/H5, and G

STRING clusters protein-coupled receptor 37 5/15 331832 Down 0.0113
orphan
Complement activation, classical

STRING clusters pathway, and Lectin pathway of 4/32 3.56036 Down 0.0279
complement activation
Eukaryotic Translation Initiation,

STRING clusters and Translation factor activity, 104/178 0.51569 Down 0.0311
RNA binding

KEGG Ribosome 74/129 0.782067 Down 0.00097

KEGG Calcium signaling pathway 36/290 0.343834 Up 0.0124
L13a-mediated translational

Reactome silencing of Ceruloplasmin 78/95 0.821073 Down 0.0014
expression

Reactome SRP-dependent cotranslational 65/30 0.871833 Down 0.0014
protein targeting to membrane

Reactome Formation of a pool of free 408 74/88 0.802139 Down | 0.0014
subunits

Reactome Cap-dependent Translation 78/98 0.821073 Down 0.0014
Initiation

Reactome Translation 88/194 0.749958 Down 0.0014
Nonsense Mediated Decay

Reactome (NMD) enhanced by the Exon 72/95 0.862546 Down 0.0014
Junction Complex (EJC)

Reactome GTP hydrolysis and joining of the | 55 0.81284 Down 0.0017
60S ribosomal subunit
Nonsense Mediated Decay

Reactome (NMD) independent of the Exon 66/78 0.840237 Down 0.0017
Junction Complex (EJC)

Reactome Metabolism of RNA 190/480 0.505396 Down 0.0025
Major pathway of IRNA

Reactome processing in the nucleolus and 81/158 0.768246 Down 0.0077
cytosol

WikiPathways Cytoplasmic ribosomal proteins 64/78 0.904816 Down 0.00014

COMPARTMENTS | Ribosome 57/152 0.680912 Down 0.0078

UniProt Keywords Calcium 102/561 0.305497 Up 0.0062

UniProt Keywords Ribosomal protein 63/107 0.792152 Down 0.0062
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Domain in histone families 1 and

SMART 5 12/26 2.54552 Down 0.00045

Functional enrichment analysis was performed using the STRING database API. P-values (calculated
either using the Aggregate Fold Change method or, for larger terms or terms with an unambiguous
signal, using a Kolmogorov-Smirnov test) were adjusted for multiple hypothesis testing using the
Benjamini—Hochberg procedure.
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Table S4.6. Functional enrichment analysis reveals pathway and process annotations that are
positively or negatively enriched during night 6 compared to during day 6 (Experiment #3).

. . Genes in Enrichment . . FDR-Adj.
Annotation Database Annotation Set Mapped Score Direction P-Value
GO Function Extracellular matrix structural 52/155 0.446725 Down | 0.0053

constituent
GO Component Collagen trimer 44/104 0.721092 gg\f:l 0.00093
Mixed, incl. Complement
activation, and Common
STRING clusters Pathway of Fibrin Clot 28/101 1.27547 Down 6.5E-07
Formation
Mixed, incl. Complement
activation, and Common
STRING clusters Pathway of Fibrin Clot 47/144 0.776784 Down 7.88E-05
Formation
Mixed, incl. Activation of the
STRING clusters phototransduction cascade, and 12/26 2.43862 Up 0.0231
c¢GMP binding
Mixed, incl. ABC-type
STRING clusters transporter activity, and Inward 13/99 1.72214 Down 0.024
rectifier potassium channel
transmembrane domain
KEGG Proteasome 36/55 0.201073 Down 0.0281
Reactome Degradation of the extracellular | 5, 0.561804 Up & 0.0161
matrix Down
Reactome Transmission across Chemical 55/189 0.691752 Up 0.0446
Synapses
Reactome Neuronal System 65/300 0.544995 Up 0.0448
COMPARTMENTs | Collagen-containing 61/199 0.621368 Up & 0.0045
extracellular matrix Down
COMPARTMENTS Collagen trimer 34/69 0.623686 Down 0.0059
COMPARTMENTS Extracellular region 194/1274 0.279739 ggvf; 0.0265
Pfam Couagen triple helix repeat (20 42/92 0.644959 Up & 0.00064
copies) Down
SMART Complement component Clq 4/47 451621 Up 0.0171

domain.

Functional enrichment analysis was performed using the STRING database API. P-values (calculated
using the Kolmogorov-Smirnov test, with the exception of the annotations “Mixed, incl. Activation
of the phototransduction cascade, and cGMP binding,” “Mixed, incl. ABC-type transporter activity,
and Inward rectifier potassium channel transmembrane domain,” and “Complement component Clq
domain,” for which p-values were calculated using the Aggregate Fold Change method) were
adjusted for multiple hypothesis testing using the Benjamini-Hochberg procedure.
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