ABSTRACT

Title of Dissertation: INSIGHTS INTO DINOFLAGELLATE
NATURAL PRODUCT SYNTHESIS VIA
CATALYTIC DOMAIN INTERACTIONS

Ernest Patrick Williams, Doctor of Philosophy,
2022

Dissertation directed by: Professor Allen Richard Place, Institute of

Marine and Environmental Technologies,

University of Maryland Center for

Environmental Science
Dinoflagellates are protists that can be split into two evolutionary groups, the parasitic
syndinians and the largely photosynthetic “core” dinoflagellates. They represent a major portion
of aquatic biomass which means that they are responsible for large portions of carbon that are
both fixed and released. Other than biomass, the fixed carbon can be made into natural products
such as polyunsaturated fatty acids that support the biota of many ecosystems or toxins that are
harmful to aquatic life and humans. DNA and RNA analyses have been used to discover the
putative genes that may make these compounds, but their non-colinear arrangement in the
genome is very different from model organisms and their gene copy number is very high, making
it nearly impossible to determine the exact biosynthetic pathways. The goal of my studies was to
develop methods to differentiate biosynthetic pathways such as lipid and toxin synthesis by

comparing the ability of domains to interact with each other with the assumption that domains

that preferentially interact are more likely to participate in the same pathway. Initially, a survey



was performed on available dinoflagellate transcriptomes to enumerate domains potentially
involved in natural product synthesis and bin them based on sequence similarity to identify genes
that could be used in biochemical assays. An interesting integration of analogous genes involved
in lipid synthesis with those involved in natural product synthesis was observed as well as trends
in domain expansion and contraction during core dinoflagellate evolution. Ultimately, the
domain that scaffolds natural product synthesis, the thiolation domain, was chosen for further
study because it exhibited two clear functional bins and is acted on directly by another enzyme, a
phosphopantetheinyl transferase (PPTase). The PPTase activates the thiolation domain by
transferring the phosphopantetheinate group from Coenzyme A to the thiolation domain, creating
a free thiol group upon which the natural products are synthesized. These PPTases were then
enumerated in dinoflagellates and characterized by looking for sequence motifs and observing
expression patterns over a diel cycle as well as during growth in the model species Amphidinium
carterae, a basal toxic dinoflagellate. Amphidinium carterae appears to have three PPTases, two
of which (PPTase 1 and 2) are very similar, except that PPTase 2 does not appear to have a stop
codon and has never been observed as a full-size protein. The remaining two PPTases (PPTase 1
and 3) had alternating expression patterns that did not appear to directly correlate to the acyl
carrier protein, the thiolation domain required specifically for lipid biosynthesis. This carrier
protein, like other enzymes for natural product synthesis in dinoflagellates, had a chloroplast
targeting sequence while the three PPTases did not. To investigate the ability of these three
PPTases to activate various thiolation domains, a total of 8 domains from A4. carterae were
substituted into the blue pigment synthesizing gene BpsA from Streptomyces lavendulae. These
recombinant constructs were used for coexpression in E. coli as well as in vitro to reduce as

many artifacts as possible and assess the interactions of each PPTase with the thiolation domains.



Some of the recombinant BpsA genes were able to make blue dye with all three PPTases, while
others never made blue dye both in E. coli as well as in vitro. In vitro quantification of free thiol
added by the PPTase showed that all the thiolation domains, as well as the acyl carrier protein
could be phosphopantetheinated by all the PPTases. This generalist substrate recognition, along
with the alternating expression patterns and lack of chloroplast signaling peptide, indicate that
the two active PPTases are performing the same function on all available thiolation domains,
probably before export to the chloroplast. This lack of pathway segregation by PPTases is a
completely novel way of synthesizing natural products compared to bacteria and fungi, likely
due to the acquisition of both photosynthesis and natural product/lipid biosynthesis during
dinoflagellate evolution that was not present in the common ancestor. Additionally, the
techniques to identify genes of interest and perform biochemical characterization developed here

are useful for future experiments annotating the function of dinoflagellate genes.
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Preface

Dinoflagellates are incredibly interesting to study but also incredibly frustrating
because of their unique biology. Every experiment seems to create more questions
than it answers. Many of these studies focus on how to work on dinoflagellates rather
than the results themselves. I’ve learned to step away from canonical thinking and let
the biology of the dinoflagellates speak for themselves. They are not similar to model
organisms, nor are they primitive or simple. They have their own biology that’s been
evolving for hundreds of millions of years. A frequent joke is that if it’s been shown
in yeast, mouse, and human then it must occur in all of eukaryotic life. Researchers

who say that have never studied dinoflagellates.
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Introduction

Overarching goals

As major primary producers in the world’s oceans and one of the few
producers of certain polyunsaturated fats, dinoflagellates are vitally important to the
global ecosystem. They are simultaneously detrimental to many ecological
consumers, including humans, via the production of toxins that accumulate at various
trophic levels. Despite intense efforts to understand their ecological impact, we know
very little about the biochemistry of how these compounds are made. Many good-
faith predictions have been made about which genes participate in their biosynthesis,
but they are based on models that are separated from dinoflagellates by a huge
evolutionary distance because of the lack of information on protists in general.

Also, the redundancy of chemistries used in natural product synthesis and the
potential for iterative processes make predictions especially challenging. Thus, a
bottoms-up approach is necessary to root further predictions in evidence that is based
on dinoflagellate evolutionary biology.

The thesis aims to advance understanding of how dinoflagellates synthesize
natural products with a specific focus on separating toxin and other
metabolic synthetic pathways from each other and from the essential and chemically
identical process of synthesizing lipids. The overall rationale is to use dinoflagellate-
specific datasets to designate genes for biochemical characterization. This approach
differs from previous characterizations of dinoflagellate genes in that as few
assumptions as possible were made based on model organisms. This reduces bias and
allows us to acknowledge that dinoflagellates are strange organisms that break the
rules at every turn. Instead, enumeration and binning of all dinoflagellate synthetic
domains will allow us to identify tractable candidates that can be examined on a case-
by-case basis. Biochemical analyses rely on heterologous expression of dinoflagellate
proteins in E. coli which allows for protein interactions to occur in a prescribed
setting to reduce as many artifacts as possible. Determining the specificity of these
interactions is the basis for the underlying assumption that synthetic pathways are
segregated molecularly in dinoflagellates. The following studies will attempt to
establish whether or not this is true.

Dinoflagellate taxonomy and evolution

Dinoflagellates are unicellular protists that can be split into two major
evolutionary lineages, the early branching heterotrophic and empirically parasitic
syndinians and the largely photosynthetic “core dinoflagellates” (Bachvaroff et al.,
2014; Hoppenrath & Leander, 2010; Janouskovec et al., 2017; Taylor, Hoppenrath, &
Saldarriaga, 2008) (Figure I-1). Syndinian dinoflagellates have not
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Figure I-1: lllustration of dinoflagellate relation ships

Shown is an illustrated version of the relationships of various dinoflagellate lineages with
representative species depicted from Taylor et al., 2008. The black line separates the syndini-
an dinoflagellates on the bottom and the core dino flagellates on the top.

Shown is an illustrated version of the relationships of various dinoflagellate
lineages with representative species depicted by Taylor et a/ 2008. The black line
separates the syndinian dinoflagellates on the bottom and the core dinoflagellates on
the top.

been widely studied with only a few taxonomically described species that
infect fish eggs, ciliates, and even other dinoflagellates. (Bachvaroff, Kim, Guillou,
Delwiche, & Coats, 2012; Coats, Bachvaroff, & Delwiche, 2012; Harada, Ohtsuka, &
Horiguchi, 2007; Miller, Delwiche, & Coats, 2012; Skovgaard, Meneses, & Angélico,
2009). They are ubiquitous in the upper ocean and represent a huge fraction of marine
microbial diversity (de Vargas et al., 2015). Although all observed syndinians are not
photosynthetic, their evolutionary history is under some debate. There is some
evidence for plastid genes in the Hematodinium sp. genome leading to the hypothesis
that the common ancestor is photosynthetic, and this organelle has been lost in all
extant syndinian lineages (Gornik et al., 2015). Other evidence includes the relic
plastids in the closely related apicomplexans (Gajadhar et al., 1991) as well as extant
photosynthetic basal species (Moore et al., 2008; Obornik et al., 2012). The most
basal members of syndinians, the marine alveolate group I, are not evidently
photosynthetic, making a common photosynthetic ancestor unlikely.



Horizontal gene transfer that seems to be a hallmark of dinoflagellate
evolution (Wisecaver, Brosnahan, & Hackett, 2013), is a more likely explanation of
foreign DNA sequences in Hematodinium sp., starting with the acquisition of a
nucleoprotein likely of viral origin termed the dinoflagellate viral nucleoprotein
(DVNP) that coincides with atypical chromatin structure in marine alveolate groups II
and IV including Hematodinium sp. (Gornik et al., 2012; Strassert et al., 2018). The
core dinoflagellates have various biological features separating them from syndinian
groups as well as changes specific to certain core dinoflagellate lineages
(Janouskovec et al., 2017). The most striking is the “dinokaryon”, a term applied to
the unique physical and biochemical properties of core dinoflagellate
chromosomes (Fukuda & Suzaki, 2015; Gornik, Hu, Lassadi, & Waller, 2019). One
feature is reducing histones that package the genome (Marinov & Lynch, 2015),
which are largely replaced by a major basic nuclear protein (Kato et al., 1997). This is
coincident with a high concentration of divalent cations in the chromatin (Levi-Setti,
Gavrilov, & Rizzo, 2008; Moreno Diaz de la Espina, Alverca, Cuadrado, & Franca,
2005) and a replacement of a large portion of thymidine residues with 5’
hydroxymethyl-uracil (Rae, 1973; Williams & Place, 2014) as well as the
glucosylated form “Base J" that controls transcription termination in trypanosomes
(Figure I-2). Physically these changes to the chromatin
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Figure I-2: 5-hydroxymethyl uracil and base ] in dinoflagelates

The right panel shows the amounts of 5-hydroxymethyl uracil in several dinoflagellate and
alveolate outgroups as a percentage of total thymidine denived bases. The left panel is an
immunoblot probing the glucosylated form of 5-hydroxymethyl uracil called “base ] ” in five-fold
dilutions with two example Pyrocystis species shown above.

composition result in a unique morphology where the chromosomes are
condensed with a left-handed screw and steep pitch not observed with the canonical
nucleosomal structure (Costas & Goyanes, 2005) to the point where protein binding is
altered (Potapov et al., 2018) and birefringence has been observed (Chow, Yan,
Bennett, & Wong, 2010; Livolant, 1978) (Figure I-3). Thus, the dinokaryon
chromosome is



Figure I-3: Dinoflagellate chromosome birefringence
A dinoflagellate Polykrikos hartmanii cell is shown highlighting the chromosomes labeled the
“dinokaryon”. The arched fibril structure can be seen for individual chromosomes.

frequently described as “liquid crystalline” and was originally compared to the
polytene chromosomes of Drosophila, where stacks of identical sequences also give a
crystalline appearance (Zykova, Levitsky, Belyaeva, & Zhimulev, 2018).

Apart from the nuclear features that are synapomorphic to the “core
dinoflagellates” is the observation of multiple chloroplast gains and losses not seen in
other alveolates and beginning with the likely engulfment of a haptophyte, another
photosynthetic eukaryote resulting in four chloroplast membranes (Janouskovec,
Horéak, Obornik, Lukes, & Keeling, 2010; Sato, 2020; Tengs et al., 2000; Yoon,
Hackett, & Bhattacharya, 2002). Photosynthetic dinoflagellates were originally
characterized as having a unique pigment named peridinin (Carbonera, Di Valentin,
Spezia, & Mezzetti, 2014) that complexes with chlorophyll a in a pigment/protein
complex that can be traced back to a haptophyte origin of the most basally observed
chloroplast (Bachvaroff, Sanchez Puerta, & Delwiche, 2005; Yoon et al., 2002). Even
this has been in some dispute, with certain sequences giving different phylogenies
than others (Bachvaroff, Sanchez Puerta, & Delwiche, 2005), providing an example
of the understatement that fundamental genetic changes occur following an
endosymbiotic event (Dorrell & Howe, 2015). Non-photosynthetic species, including
the genera Oxyrrhis and Noctiluca, have retained specific plastid-derived metabolic
pathways, indicating the acquisition of a chloroplast was a defining moment in

4



dinoflagellate evolution (Janouskovec et al., 2017). Subsequent chloroplast
acquisitions retained over large spans of evolutionary time from the engulfing of
other photosynthetic protists (Yamada, Sym, & Horiguchi, 2017; Yamada et al.,
2019) are a demonstration of the incredible genomic plasticity dinoflagellates possess
given that almost every other chloroplast acquisition is either extremely rare or
transient (Hehenberger, Gast, & Keeling, 2019; Maselli, Anestis, Klemm, Hansen, &
John, 2021; Pelletreau et al., 2011). It is unlikely a coincidence that genomic
plasticity and the relative ease of chloroplast acquisition are common to the core
dinoflagellates and should be considered when investigating gene function and
evolution.

The taxonomy of syndinian dinoflagellates is almost entirely based on
molecular data since so few species have been cultured, and the bulk of the
information is based on environmental DNA surveys (de Vargas et al., 2015) and a
limited set of genomes (Bachvaroff, 2019; John et al., 2019). In a general sense,
syndinians are sometimes grouped based on the host organisms that they parasitize
(Coats et al., 2012; Miller et al., 2012; Probert et al., 2014; Skovgaard et al., 2009),
but this too is based on an extremely limited set of described organisms. Core
dinoflagellates on the other hand have frequently been characterized and
recharacterized based on their thecal plate arrangements (Dodge, 1995; Gomez &
Artigas, 2019; Iwataki, 2008) for “armored” dinoflagellates, and cellular
ultrastructure for “naked” dinoflagellates (Blanco & Chapman, 1987). This is not
surprising since in-depth investigations into dinoflagellates and their biology
coincided with the use of electron microscopy (DODGE & CRAWFORD, 1970).
These morphological characters have been instrumental in informing sequence-based
phylogenies resulting in fairly robust descriptions of the lineages within the core
dinoflagellates (Bachvaroff et al., 2014; Janouskovec et al., 2017).

When investigating the biology of the core dinoflagellates, it’s easy to forget
about the syndinian lineages because they are so poorly studied and seemingly so
different. The complexity and strangeness of the core dinoflagellates, however, make
their outgroup even more important to place observations into a larger context to help
make sense of their unique biology. The incredible differences in nuclear physiology
and endosymbiotic history between the core and syndinian dinoflagellates helps to
understand how and why many biological differences may arise and prevent lumping
core dinoflagellate biology together with other photosynthetic organisms such as
plants or even other protists such as diatoms that span a huge evolutionary space and
distance. Yes, dinoflagellates are strange, but they didn’t come from outer space (at
least not likely) and their evolutionary history is an important tool for understanding
their biology.

Dinoflagellate replication and circadian rhythms

Both syndinian and core dinoflagellates have an identified life stage as a free-
living “dinospore” with two flagella that provide motility (DODGE & CRAWFORD,
1970; Miller et al., 2012). Syndinians also exist as an intracellular parasite of their
host, with a variety of morphologies and strategies exhibited between species (Coats
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et al., 2012; Harada et al., 2007; Skovgaard et al., 2009; Miller et al., 2012) (Figure I-
4). The parasitic life stage is regarded as distinct from the free-living stage and is

Figure I-4: Stages of Akashiwo sanguinea infection by Amoebophrya sp. ex A. san-
guinea !
Micrographs are shown of an Akashiwo sanguinea cell infected by the syndinian dinoflagel-
late Amoebophrya sp from {Miller et al., 2012, #282455}. The “vermiform” stage can be seen
in panel “C” where multiple cells are connected following replication but prior to eruption from
the host.

when syndinians replicate following the consumption of host resources. Core
dinoflagellates, on the other hand, have a mix of sexual and resting stages in addition
to their free-living stage, making for a potentially complex life cycle that is
sometimes species-specific (Coats, Tyler, & Anderson, 1984; Lee, Chiang, & Tsai,
2021; Litaker et al., 2002; Warns, Hense, & Kremp, 2013). Pyrocystis is an example
of a core dinoflagellate that exists primarily in the cyst stage, with flagellate stages
observed as an intermediate (Pincemin & Gayol, 1978), while other species occur
primarily as free-living flagellates.

For syndinians, replication primarily results from infection and is not
relegated to certain times of the day. They are usually found in the photic zone,
however, and autofluorescent, indicating that they may be able to sense light. Thus,
their circadian rhythms are likely tied predominantly to their hosts from which they
derive their nutrients (Yih & Coats, 2000). Otherwise, they are quite normal, having a
classic replicative pattern with multiple growth phases followed by a synthesis phase
and mitosis. Synthesis and mitosis frequently occur within the host with several
morphologies of how and when the replicating cells dissociate (Coats & Park, 2002).

6



Often the replicated cells will remain attached to one another and come apart to
become free-living dinospores upon eruption from their host.

Core dinoflagellates also exhibit a canonical cell cycle, with haploid cells
dividing by mitosis following a synthesis phase of nucleic acids (Bhaud et al., 2000).
Mitosis, on the other hand, is quite strange in core dinoflagellates. The chromatin
remains condensed, and the nuclear envelope remains intact without spindle fiber
formation (Tippit & Pickett-Heaps, 1976). Instead, microtubules extend through an
extensive network of tunnels in the membrane (Gavelis et al., 2019) and
chromosomes are separated within the nucleus without an apparent polar region,
followed by invagination of the nuclear membrane and separation to the daughter
cells (Oakley & Dodge, 1976). There are some exceptions, such as in Oxyrrhis
marina, where polar separation is apparent (Gao & Li, 1986). It is unclear if these
particular methods of mitotic division are related to the unique chromosomal
attributes of the core dinoflagellates or simply coincident with the advent of the
dinokaryon.

Observations of cell cycle and division in dinoflagellates have been made
possible through the synchronization of the cell cycle by modifications in the light-
dark cycle (Galleron, 1976). This indicates that basic biological processes in
dinoflagellates operate on a circadian cycle. This includes nutrient cycling, division,
bioluminescence, and toxin production (Jia, Gao, Tong, & Anderson, 2019) and also
appears to be tied to photosynthesis. This would indicate that a heavy reliance on
circadian rhythms may have come about following the acquisition of a plastid. There
is no strong evidence for circadian rhythmicity in syndinians, but again it must be
noted that a very limited amount of study has been done on their basic biology. One
of the most frequently studied examples of a circadian controlled process in core
dinoflagellates is bioluminescence and its concomitant rhythms within the chloroplast
(Hardeland & Nord, 1984). This bioluminescence results from luciferase controlled
by the luciferin binding protein (Morse & Mittag, 2000) that occurs in an organelle
called the scintillon (Desjardins & Morse, 1993). The actual activation of the
scintillon is a pH- mediated process mediated by a mechanosensing proton channel
(Rodriguez et al., 2017). When a scintillon-containing cell is disturbed, the
mechanosensing channel allows protons to enter, dropping the pH and allowing
luciferin to act and produce light. This only occurs at night and is based on the
expression of the diurnally regulated luciferin binding protein. This regulation has
been associated with a 3’ untranslated sequence that, when blocked, will disrupt the
expression pattern of the luciferin binding protein (Lapointe & Morse, 2008). Many
other genes are expressed on a circadian rhythm, but not all (Markovic, Roenneberg,
& Morse, 1996), and the purpose of rthythmic expression is not entirely clear. Binding
protein expression solely to day or night and not responding to an environmental
condition seems sub-optimal. One theory by J. Woodland (Woody) Hastings, a long-
time researcher of circadian rhythms in dinoflagellates, postulated that it is a
mechanism for cycling amino acid nitrogen availability in the cell (Hastings, 2013).
Nitrogen availability is also tightly linked to photosynthetic efficiency since it is
required to make the reductant NADP and a reduction in amino acid nitrogen
availability directly results in algal photosynthesis (Cointet et al., 2019; Zhao et al.,
2017). This is an essential time to stop and remember that syndinians are
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heterotrophic and that core dinoflagellates are often mixotrophic, getting nitrogen
from ingestion of prey. Thus prey ingestion also impacts photosynthetic efficiency
(Dagenais-Bellefeuille & Morse, 2013; Hansen, Skovgaard, & Stoecker, 2000).
Locking nitrogen into proteins and releasing them regularly may be a way of
protecting nitrogen reserves in the cell during lean times via circadian regulation of
gene expression to allow for photosynthesis to proceed efficiently and promote
survival.

Dinoflagellate genomic arrangement and the regulation of gene expression

Another trait that is synapomorphic in the core dinoflagellates is expanded
genome size. Many estimates place the number much higher than the human genome,
with a size ranging from a few picograms to 280 picograms (Du et al., 2016; Hong et
al., 2016; Veldhuis & Kraay, 2000; Allen, Roberts, Loeblich, & Klotz, 1975).
Genome sizes appear to expand when investigating more distal lineages in core
dinoflagellates with early-branching clades and the symbiotes of corals having the
smallest genome (Aranda et al., 2016; LaJeunesse, Lambert, Andersen, Coffroth, &
Galbraith, 2005b). Syndinians, in comparison, have very small genomes in the 100
Mb size range, and larger than many apicomplexans with genome sizes in the 10Mb
range. Genomic expansion does not appear to correlate with expanded functionality
but rather extreme levels of gene duplication (Hou & Lin, 2009). The genes
themselves are seemingly arranged as tandem repeats (Bachvaroff & Place, 2008),
although it is unclear if all copies are expressed or function equivalently.

Dinoflagellates perform transcription in the same way as other eukaryotes
but seem to be lacking specific transcription factors, only possessing general
transcription factors for the binding of the RNA polymerase complex (Roy & Morse,
2013). There is also no evidence of promoter sequences to initiate transcription and a
general lack of DNA binding domains other than a low melting temperature region
similar to a TATA box but with a non-canonical sequence (Beauchemin et al., 2012;
Li & Hastings, 1998). Gene arrangement within the genome shows many many
stretches of genes with the same orientation or “strandedness” as might be expected
with tandemly repeated genes but also with unrelated genes (Lin et al., 2015;
Shoguchi et al., 2013; Stephens et al., 2020) (Figure I-5). This has led to the notion
that transcription may proceed polycistronically,
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Figure I-5: Common gene arrangements in Polarella glacialis

A representation of the common gene arrangements are shown from the Polarella glacialis
genome in Stephens ef al. 2020. Genes are frequently oriented in the same direction or
“strandedness” with tandem repeats of the same genes or multiple different genes.The color
of the blocks indicate a unique gene while the arrow above indicates the direction of tran-
scription.

that multiple transcripts are processed simultaneously with a single initiation
event, as demonstrated in trypanosomes (Clayton, 2019). There is not much evidence
for this (Beauchemin et al., 2012), indicating that polycistronic transcription is
infrequent or rapid.

In core dinoflagellates, the transcripts themselves have very long half-lives
(Morey & Van Dolah, 2013), with some exceeding the time of the cell cycle,
indicating that some transcripts may be passed to daughter cells during division. This
is quite extraordinary when considering the central dogma of molecular biology, i.e.,
that DNA is transcribed to RNA, which is then translated into protein. While
syndinian dinoflagellates appear to follow this canon by using transcription factors as
a primary means of controlling gene expression (Bachvaroff, Place, & Coats, 2009),
the transcript abundance in core dinoflagellates does not correlate to protein
abundance (Fagan, Morse, & Hastings, 1999; Lidie, Ryan, Barbier, & Van Dolah,
2005; Morse, Milos, Roux, & Hastings, 1989). This demonstrates a fundamental
disconnect in understanding dinoflagellate biology and is a rare example of gene
expression controlled post-transcriptionally. This also means that transcriptomic
analyses are of limited utility and that a focus on protein expression is more useful for
determining biological responses.

Micro RNAs (miRNAs) are a common means of controlling gene expression
post-transcriptionally in other eukaryotes. In this process, a small RNA, usually a few
dozen nucleotides, binds to a complementary 3’ sequence that then initiates
degradation or can inhibit translation (O’Brien, Hayder, Zayed, & Peng, 2018).
Although miRNAs are present and active in dinoflagellates as in other eukaryotes
(Baumgarten et al., 2018; Gao et al., 2013; Shi et al., 2017) they represent a more
nuanced approach to regulating gene expression rather than a global mechanism.
MiRNAs have also been shown to not correlate with circadian expression (Dagenais-
Bellefeuille, Beauchemin, & Morse, 2017) supporting circadian control, exemplified
by bioluminescence, is a plastid derived process rather than host-derived
(Janouskovec et al., 2017). Another common mechanism for regulating gene
expression post-transcriptionally is codon bias, where the availability of specific
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tRNAs is exploited to control translational efficiency (Aitken & Lorsch, 2012;
Angov, Hillier, Kincaid, & Lyon, 2008; Hershberg & Petrov, 2008; Novoa & de
Pouplana, 2012; Peden, 2000). The result is that certain mRNA transcripts are
translated more efficiently than others, depending on the codons used in that
transcript, and the abundance of specific proteins can be modulated. Again, this is a
nuanced approach to controlling gene expression and is not likely to be a sole
mechanism of regulation, but it is a potentially global mechanism affecting all
mRNAs to varying degrees. Surprisingly (or not considering their overall biology),
core dinoflagellates do not seem to have any bias at the transcript level using all
codons with nearly equal frequency, except those with adenine or thymine at the third
position (Williams, Place, & Bachvaroff, 2017) (Figure I-6). In
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Figure I-6: Observed codons in dinoflagellate transcriptomes

The sums of the observations of each codon are shown for fifteen dinoflagellate transcrip-
tomes. The X-axis describes each codon while the sum of each codon is shown on the
Y-axis. Each transcriptome is colored in grayscale. Each codon is in near equal frequency in
transcripts in each genome with the exceptions of the AT-rich codons UAA and UAG as well
as the stop codon UGA.

some ways, this is a logical result of extreme gene duplication and subsequent
point mutations, mostly at the third codon position (Bachvaroff & Place, 2008). A
lack of transcriptional elements that control gene expression may also help to explain
why horizontal gene transfer is observed so frequently in dinoflagellates (Wisecaver
et al., 2013) as well as the integration of plastids (Keeling, 2010). Adaptation to the
host’s transcriptional mechanisms is necessary for the successful expression of
horizontally transferred genes, and removal of those impediments may make
integration more likely. Either way, a post-transcriptional approach to regulating gene
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expression in core dinoflagellates should give us pause when thinking about gene
function and evolution as well as the techniques we use to study them.

In terms of translation, core dinoflagellates are typical with much of the
canonical machinery present (Roy, Jagus, & Morse, 2018), albeit with a higher than
expected copy number (Jones, Williams, Place, Jagus, & Bachvaroff, 2015).
Dinoflagellates also appear to translate mRNA using multiple ribosomes
simultaneously, termed polysomes, similar to other eukaryotes (Schroder-Lorenz &
Rensing, 1987). What is different in the core dinoflagellates is that the mRNAs that
are usually capped on the 5" end with a methylated base to prevent degradation and
allow for translation initiation recruitment (Decroly, Ferron, Lescar, & Canard, 2011)
are instead trans-spliced with a 22 base conserved nucleotide sequence that already
contains the methylated cap structure (Lidie & van Dolah, 2007; Zhang et al., 2007).
In trans-splicing, a portion of one stretch of nucleic acids is combined with another
sequence to attach a novel sequence and is distinct from intron splicing, where a
nucleic acid sequence recombines with itself to remove a region (Lasda &
Blumenthal, 2011). This is termed the “spliced leader” and is a hallmark of core
dinoflagellate mRNAs (Zhang, Zhuang, Gill, & Lin, 2013), being nearly ubiquitous
and conserved (Zhang, Campbell, Sturm, & Lin, 2009). The spliced leader sequence
is also present in both syndinian and Perkinsus genomes. The DNA-based sequence
from which the spliced leader transcript is derived is present throughout the
dinoflagellate genome (Lin et al., 2015; Shoguchi et al., 2013) and is frequently found
as a retrotransposon (Song et al., 2017), likely due to its autocatalytic nature. This
presents a philosophical problem, though. If all transcripts are trans-spliced, which
allows translation initiation to proceed, then how can we observe long transcript half-
lives? Shouldn’t these transcripts be translated all the time, and if not, what’s
stopping it? One clue is the 3" UTR motif associated with circadian control of gene
expression (Lapointe & Morse, 2008). The result that disrupting this motif can break
circadian control indicates that regulatory elements in the 3’ UTR may be inhibiting
translation and are worth further investigation.

The high copy number of tandemly arranged genes in core dinoflagellates
is almost certainly related to the shift towards post-transcriptional control of gene
regulation since the removal of genomic elements regulating transcription allows for
a more flexible genomic arrangement (and transcription may be proportional to gene
copy number). Traditional approaches of measuring changes in transcript abundance
during physiological treatment to determine gene function are not readily applicable
to studying core dinoflagellate and instead protein quantification and biochemical
assays are more likely to yield helpful results. Functional assignment based on
sequence similarity is dubious if duplication has allowed for novel functionality and
also points to the need for the biochemical validation of function.

Lipids and sterols of dinoflagellate

Core dinoflagellates and diatoms have been the darling of the petroleum
industry (William, 1962), because their structure is readily preserved in the fossil
record (Evitt, 1961; Boere et al., 2009) and they represent a large fraction of primary
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productivity based on biomass (Cloern, Foster, & Kleckner, 2014; Regaudie-de-
Gioux, Lasternas, AgustA, & Duarte, 2014). This means that there is a huge amount
of carbon flowing through the dinoflagellate lineage with core dinoflagellates as
mixotrophic carbon fixers and releasers, and the parasitic syndinians also releasing
carbon. Besides nucleic acids, a large fraction of cellular carbon is used to make
lipids and sterols. The primary limiters of carbon fixation are the availability of
carbon dioxide and photosynthetic efficiency. Eukaryotic phytoplankton will
frequently modulate their biology to optimize the amount of available carbon dioxide
in their chloroplast for fixation (Cecchin et al., 2021). Photosynthetic efficiency, on
the other hand, is quite complex and relies on the availability of several metals, their
oxidative state, available reductant, and oxidative stress (Alberts et al., 2002). The
ultimate fate of the electrons produced during photosynthesis is NADP forming
NADPH, while the carbon dioxide is used to carboxylate ribulose to form two 3-
phosphoglycerates. Both 3PGA and NADPH participate in many processes but
fundamentally are involved in the formation of acylated glycerol. Nitrogen starvation
in many algae results in an immediate increase in neutral lipid synthesis (Dong et al.,
2013; Li, Han, Sommerfeld, & Hu, 2011; Wang et al., 2019), presumably as a way of
recycling NADP used in the reduction steps of lipid synthesis to form acyl chains that
can be used in photosynthesis to reduce oxidative stress from electron accumulation.

Syndinian dinoflagellates do not possess the canonical machinery to make
lipids but may make cholesterol (Leblond, Sengco, Sickman, Dahmen, & Anderson,
2006), while lipids are presumably derived intact from the hosts they infect. Core
dinoflagellates, on the other hand, possess a full complement (even a surfeit) of the
genes necessary for lipid synthesis (Kohli, John, Van Dolah, & Murray, 2016), albeit
with some abnormal gene duplications (Williams, Bachvaroff, & Place, 2021).
Specifically, lipid synthesis requires an acyl carrier protein to scaffold synthesis; a
ketosynthase to attach acetate to the carrier protein from malonyl CoA created by an
acetyl CoA carboxylase (Ohlrogge & Jaworski, 1997); a ketoreductase, alcohol
dehydrogenase, and enoylreductase to fully reduce the carbohydrate to an acyl chain;
and finally, chain length factors that are non-functional ketosynthases that inhibit
further synthesis so that a thioesterase can cleave off the acyl chain. The primary free
saturated fatty acid in dinoflagellates is palmitic acid (16:0) (Mansour, Volkman,
Jackson, & Blackburn, 1999), which is bound to glycerol and further modified to
form mono and di-galactosyldiacylglycerol (Leblond & Dahmen, 2012) that dominate
the thylakoid membranes of plants (Holzl & Dérmann, 2019). Much of the
biochemistry has been worked out in Arabidopsis thaliana (Nilsson et al., 2015), but
similar reactions appear to take place in protistan algae and are ultimately derived
from cyanobacteria despite some replacements (Sato, 2020). Dinoflagellate
chloroplasts are different in that they have four membranes, presumably from the
previous haptophyte host that was engulfed by the ancestor of core dinoflagellates
(Delwiche, 1999; Keeling, 2010) (Figure 1-7), making this story somewhat more
complicated.
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Figure I-7: lllustration of multiple symbiotic engulfments in multiple algal lineages
Shown is an illustration of how multiple symbiotic engulfments of photosynthetic algae can
occur, modified from Delwiche, 1999. The red and green arrows depict the red and green
lineages of algal chloroplast based on pigment and gene content. The resultant multiple
membrane structure from the serial engulfment of eukaryotic algae are shown in the lower
left image.

Still, the abundance of plastid lipids and strong links with photosynthesis
indicates that lipid synthesis was acquired with the plastid during endosymbiosis.
Additionally, core dinoflagellates possess several 4-methyl and 4-desmethyl steroids
in addition to cholesterol, some of which are also found in haptophytes (Mansour et
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al., 1999), furthering the hypothesis that a significant amount of biosynthetic
machinery in core dinoflagellates is plastid derived. The 18 carbon fatty acids in core
dinoflagellates are highly unsaturated, including EPA 20:5 (n-3) and DHA 22:6(n-3),
without an abundance of the mono-unsaturated fatty acids commonly found in plants
such as oleic acid (18:1), linoleic acid (18:2), and a-linolenic acid (18:3). These are
primarily formed by elongases and desaturases in two separate pathways, a cytosolic
and a chloroplast pathway (Ohlrogge & Jaworski, 1997), and there is some evidence
for the presence of these enzymes in dinoflagellates (Guo, Wang, Liu, & Li, 2021)
although with an unknown origin.

Dinoflagellates appear to have acquired both de-novo lipid as well as non-
cholesterol sterol synthesis during the transition from syndinian to core
dinoflagellates. While the exact origin of de-novo lipid synthesis remains unclear, the
similarity of dinoflagellate sterols to haptophyte sterols points to a plastid origin for
the biosynthetic machinery. Although these have likely been transferred to the
nucleus (Zhang, Green, & Cavalier-Smith, 1999), it is necessary to consider their
origin when thinking about functionality and the possibility of novel functions for
these genes.

Toxins and polyunsaturated fatty acids in dinoflagellates

Dinoflagellates are members of the SAR group of protists (Cavalier-Smith,
1998; Patterson, 1999), SAR being an acronym for Stramenopiles, Alveolates, and
Rhizaria. Alveolates include ciliates, dinoflagellates as well as apicomplexans and
chromerids that are frequently parasitic except most core dinoflagellates and a few
chromerid species that are photosynthetic, although apicomplexans have a relic
plastid (Sato, 2011). Similarly, stramenopiles include several photosynthetic
members, such as diatoms, brown algae as well as several fungal-like non-
photosynthetic members like the oomycetes and Labyrinthulomycetes. All
photosynthetic stramenopiles have evidence of a secondary endosymbiosis with
multiple membranes around their chloroplasts, similar to core dinoflagellates(Sato,
2020), indicating that their chloroplast was a free-living photosynthetic eukaryote,
likely a red algal derivative (Janouskovec et al., 2010; Delwiche, 1999). Many
stramenopiles, photosynthetic and non-photosynthetic alike, produce polyunsaturated
fatty acids such as eicosapentaenoic acid 20:5(n-3), docosahexaenoic acid 22:6(n-3)
and arachidonic acid 20:4(n-3). Well studied groups that make polyunsaturated fatty
acids include diatoms (Dunstan, Volkman, Barrett, Leroi, & Jeffrey, 1993) and
haptophytes (Guihéneuf & Stengel, 2013) that are both photosynthetic as well as
thraustochytrids that are non-photosynthetic (Raghukumar, 2002), although diatoms
frequently produce aldehyde forms that theoretically reduce grazing (Y1, Xu, Di,
Brynjolfsson, & Fu, 2017). The relative amounts and types of long-chain
polyunsaturated fats in stramenopiles are very similar to those in core dinoflagellates
(Peltomaa, Héllfors, & Taipale, 2019) and, given the haptophyte origin of the
dinoflagellate plastid, may share a common ancestry across these lineages.

Carbon-13 labeling in haptophytes and thraustochytrids has shown that these
long- chain polyunsaturated fatty acids are predominantly made by polyketide
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synthesis (PKS) directly instead of by synthesizing lipids followed by elongation and
desaturation (Remize et al., 2021; Wang et al., 2020). Polyketide synthesis is nearly
identical to lipid synthesis and utilizes the same biochemistry (Bentley & Bennett,
1999). The sequential incorporation of acetate in lipid synthesis is by definition a
polyketide but in lipid synthesis the ketones are all fully reduced to a saturated acyl
chain in an iterative process. In the broader scope of polyketide synthesis, the
saturation of each incorporated moiety is variable, as is the substrate itself, and the
process is modular rather than iterative as in lipid synthesis, allowing for an
incredible range of resultant products. The thraustochytrid Aurantiochytrium
limacinum shows three PKS gene clusters that impact docosahexaenoic acid
production (Ren et al., 2018; Liu et al., 2018). These encode ketosynthases that
incorporate both acetate and malonate as well as reductases and dehydratases that
produce the sequential saturated and unsaturated regions. Core dinoflagellates possess
these same genes (Bachvaroff, Williams, Jagus, & Place, 2015; John et al., 2008;
Kohli et al., 2016; Van Dolah, Kohli, Morey, & Murray, 2017) and have, at least
theoretically, the synthetic machinery to make polyunsaturated fatty acids in the same
manner as stramenopiles. Additionally, the syndinian dinoflagellate Hematodinium
sp. appears to have a transcript with similar functionality (Gornik et al., 2015),
although its evolutionary origin is unknown.

Things would be simple if dinoflagellates only made polyunsaturated fatty
acids using PKS machinery. In fact, many natural products have been described in
dinoflagellates, a natural product herein defined as any free non-polymeric molecule
that is biosynthesized. Just as with polyunsaturated fatty acids, the natural products
likely made by polyketide synthesis were described using carbon isotope labeling
(Fukatsu et al., 2007; Ishida et al., 1995; Meng, Van Wagoner, Misner, Tomas, &
Wright, 2010; Rasmussen et al., 2017; Sasaki et al., 1996; Seki, Satake, Mackenzie,
Kaspar, & Yasumoto, 1995; Van Wagoner et al., 2008; Van Wagoner et al., 2010;
Kobayashi, 2008) (Figure I-8). Unlike polyunsaturated fatty acids, these molecules
are
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Figure 1-8: Two-dimensional structure of maitotoxin

An example dinoflagellate toxin is shown as a two dimensional stick representation with
bonds shown an black lines, carbons shown as line intersections, and other atoms represent-
ed by their IUPAC abbreviations. This particular molecule is maitotoxin from the core dinofla-
gellate Gambierdiscus toxicus showing the ether bonds resulting from hydroxyl groups bond-
ing to carbon molecules.

composed entirely of acetate and not malonate, including a few small
carboxylic acids such as glycolate and glycine being documented exceptions. Many
of these natural products pose a threat to human and environmental health (Anderson,
1994; Walsh et al., 2015; Wang, 2008; Withers, 1982) and, as such have been labeled
toxins. Their ecological roles are less well understood. Most of these compounds are
retained in the cell except karlotoxin from Karlodinium veneficum, which acts in prey
capture and predator avoidance (Adolf, Krupatkina, Bachvaroff, & Place, 2007;
Sheng, Malkiel, Katz, Adolf, & Place, 2010) (Figure I-9).
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Figure I-9: Two-dimensional structure of karlotoxins 2 and 5

Two-dimensional representations of karlotoxin 2 a nd 5 from Karfodinium veneficum are
shown with bonds represented by black lines, car bon represented by line vertices, and cther
atoms given as their [IUPAC abbreviation from Van Wagoner et al. 2014. This representation
shows the hairpin-like configuration theorized to b ind cholesterol within a membrane and
create a pore.

Brevetoxin from Karenia brevis (Baden, 1989) (Figure I-10) has been

Figure I-10: Two-dimensional structure of brevetoxin

A two-dimensional representation of brevetoxin fr om Karenia brevis is shown with bonds
represented by black lines, carbon represented by line vertices, and other atoms given as
their IUPAC abbreviation described in Baden, 198 9. In this drawing the “R” on the far right
represents variable groups that distinguish brevet oxin sub-types.

associated with intracellular redox state and carotenoid remodeling (Colon et
al., 2021; Chen et al., 2018), but otherwise, the biological roles of these compounds
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remain a mystery. Despite this, there is the potential to exploit these compounds for
human use since they can bind cholesterol to form pores and block a variety of ion
channels (Javed, Qadir, Janbaz, & Ali, 2011; Wang, 2008; Place, Bai, Kim, Sengco,
& Wayne Coats, 2009). Unfortunately, their redundant but complex structure makes
them difficult or impossible to synthesize in the lab.

Dinoflagellates produce polyunsaturated fatty acids and other often harmful
polyketides that have therapeutic uses in humans. The acquisition of the biosynthetic
pathways likely occurred or was expanded during the transition from syndinian to
core dinoflagellate lineages. Much of the biosynthetic machinery for making all of
these natural products, including polyunsaturated fats, are similar, identical, or even
overlapping. This makes functional assignments difficult and a necessary area for
further study.

Natural product synthesis in bacterial and fungal models

Many bacteria and fungi make various natural products and have been studied
extensively. It could be argued that penicillin was the first natural product (Fleming,
2001), and antibiotics remain a common driver behind advancements in natural
product research (Felnagle et al., 2008; Gomes, Schuch, & de Macedo Lemos, 2013).
These advancements have been facilitated by the modular nature of the biosynthetic
pathways, both in their biochemistry and their gene arrangement (Jensen, 2016;
Korman, Ames, & (Sheryl) Tsai, 2010). Generally speaking, Cis-acting elements
occur tandemly in the genome, frequently in their order of operation, although trans-
acting elements are not uncommon and sometimes bridge multiple pathways for a
final product (Fewer et al., 2007; Gurney & Thomas, 2011; Wang, Fewer, Holm,
Rouhiainen, & Sivonen, 2014; Khosla, Kapur, & Cane, 2009). One major distinction
between bacterial and fungal natural product synthesis is that in fungi, a single
multidomain protein often acts as a single module, whereas in bacteria, individual
proteins for each domain come together to form a biosynthetic module as an
enzymatic complex. These are referred to as type I and type II systems, respectively,
and sometimes the trans-acting units in eukaryotes are referred to as type Il since a
single domain is recruited to a larger complex (Khosla, 2009). This has led to the idea
that this nomenclature is phylogenetically informative and separates prokaryotes from
eukaryotes. The nomenclature has been conflated with taxonomy since, relatively
speaking, the domains of bacteria and fungi studied for natural product synthesis have
been extremely narrow and likely do not represent the full diversity of synthesis
approaches. While this is coincidentally true for model organisms in this field, in
dinoflagellates, both single-domain and multi-domain transcripts have been observed
that are similar to both eukaryotes and prokaryotes (Bachvaroff, Williams, Jagus, &
Place, 2015; Kohli et al., 2015; Kohli et al., 2017; Van Dolah et al., 2017; Van Dolah
et al., 2020). This reduces the information content of the standard nomenclature,
which is not predictive for marine protists in general, given the evolutionary distance
between them and model systems. Instead, the focus will be placed on the actual
domains within an mRNA transcript and whether that transcript has a single domain
or multiple domains.
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Another common nomenclature when referring to natural product synthesis in
PKS versus NRPS. These stand for PolyKetide Synthase and Non-Ribosomal Peptide
Synthase, respectively. They are differentiated by the mechanism and substrate
addition. In a PKS system, a small carboxylic acid, usually acetate, is added by a
ketosynthase. In this system, the ketosynthase provides the specificity for the specific
carboxylic acid being added. The process is driven by an ATP dependent enzyme
called acetyl CoA carboxylase that carboxylates the acetyl CoA to malonyl CoA
resulting in the release of carbon dioxide when the acetate is added to the growing
product by a Claisen condensation (Tong, 2005). The acetyl CoA carboxylase
enzyme functions identically during fat and natural product synthesis and
dinoflagellates have two copies, a host isoform likely expressed in the cytosol and a
plastid copy likely acting in the chloroplast (Haq, Bachvaroff, & Place, 2017). In an
NRPS system, a carboxylic acid is also added, frequently an amino acid, resulting in
the peptide bond chemically identical to ribosomal protein synthesis from which the
NRPS nomenclature arises. Specificity is provided by the adenylation domain that
binds the molecule to be added, but the catalysis is provided by a condensation
domain that forms the peptide bond and releases water. This process is also ATP
driven, but unlike peptide bonds, in the ribosome, the bond can form with any
carboxylic acid in the molecule, such as in the R group of an amino acid, making the
adenylation domain responsible for substrate specificity as well as the left-right
orientation. One example of this is microcystin, where the R group of the glutamic
acid forms a peptide bond with the following amino acid (Allender et al., 2009)
(Figure I-11). This nomenclature is also sometimes conflated with phylogeny,
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Figure I-11: Two-dimensional structure of microcystinrLR

A two-dimensional representation of Microcystis aeruginosa is shown with bonds represented
by black lines, carbon represented by line vertices, and other atoms given as their IUP AC
abbreviation. Each amino acid is specified by an adenylation and then incorporated by a
condensation domain. The amino acid on the far left, referred to as ADDA, is first generated
by polyketide synthases before incorporation into microcystin.
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but microcystin is an example of a hybrid system with both PKS and NRPS
elements. In this case, one of the amino acids is generated via a PKS system, followed
by incorporation into the microcystin molecule by an NRPS (Tillett et al., 2000).
There are many other examples of hybrid systems (Du, Sanchez, & Shen, 2001;
Franke, Ishida, & Hertweck, 2012; Kevany, Rasko, & Thomas, 2009), making this
nomenclature useful when talking about the potential substrates incorporated into a
natural product but not when isolating biosynthetic pathways. Dinoflagellates possess
ketosynthases as well as adenylation and condensation domains, sometimes in the
same transcripts (Bachvaroff, Williams, Jagus, & Place, 2015), reiterating the need to
focus on the domains content of mRNA transcripts and not rely on a global
nomenclature with poor predictive power.

Despite the strangeness of their biology, dinoflagellate transcriptomes have
revealed that they possess all of the ingredients necessary to synthesize the
polyunsaturated fatty acids and toxins that have been described using (all) the
pathways described in bacteria and fungi (Kohli et al., 2015; Snyder et al., 2003; Van
Dolah et al., 2020). Specifically, what’s required is 1) a carrier domain, often called a
thiolation domain because a free thiol is created by adding the phosphopantetheinate
arm of Coenzyme A to this domain giving a labile group to add and remove each
portion of the molecule during synthesis (Lambalot et al., 1996); 2) ketosynthase,
adenylation and condensation domains that specify and attach substrate onto the
thiolation domain; 3) ketoreductase, dehydratase, and enoyl reductase domains that
can reduce the ketone groups to hydroxyl, double, and single bonds, respectively; and
4) acyltransferase and thioesterase domains that remove molecules from the thiolation
domains and either move them to another substrate as is the case for acyltransferases
or release the molecule as with thioesterases. There are some additional modifications
that can occur in dinoflagellates, such as methylation, carbon deletion, or ether ring
formation (Van Wagoner, Satake, & Wright, 2014), that likely proceed following the
synthesis of the backbone molecule. Altogether this means that we know the types of
molecules that dinoflagellates make, their relevance to humans and ecology, as well
as the genes that would be used to make them. The questions are which genes are
responsible for which compound and how?

Amphidinium carterae as a model for toxin synthesis in Dinoflagellate

The ability for dinoflagellates to synthesize natural products occurred, or at
least were enhanced, following the transition from syndinians to core dinoflagellates.
Thus, to understand these biosynthetic processes and their evolution, it makes sense
to study them in an organism as closely related to the common ancestor of core
dinoflagellates as possible. Oxyrrhis marina is the most basal core dinoflagellate, but
it is not known to make toxins, and its biology is not representative of other core
dinoflagellates (Gao & Li, 1986; Montagnes et al., 2011). The next most basal core
dinoflagellate is Amphidinium carterae (Hulbert) (Figure I-12), which
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Figure I-12: Light micrograph of Amphidinium carterae

A light micrograph of Amphidinium carterae strain NCMA 1314 is shown. The characteristic
“golden” color of the peridinin chloroplast is evident as well as one of the flagella extending
from the top and curving around the right side.

is similar to many other core dinoflagellates except thecal plates that are lacking in all
members of the Gymnodiniales (Bachvaroff et al., 2014). Amphidinium carterae also
has a relatively small haploid genome size (3.4 picograms) (Holm-Hansen, 1969)
compared to other dinoflagellates indicating that gene duplication may be less severe
in this species. For example, the essential translation initiation factor 4E is present as
eight copies in Amphidinium carterae compared to an average copy number of eleven
in core dinoflagellates (Jones et al., 2015). A. carterae is photosynthetic, has a
peridinin containing plastid and makes the hemolytic toxin amphidinol (Houdai et al.,
2001; Meng et al., 2010) as well as several other likely partial forms termed
amphidinolides (Kobayashi, 2008). Amphidinol is similar in structure to karlotoxin
and karmitoxin (Rasmussen et al., 2017; Van Wagoner et al., 2010), containing two
ether rings and maybe an evolutionary precursor to the polyether ring toxins (Ishida et
al., 1995; Macpherson, Burton, LeBlanc, Walter, & Wright, 2003; Satake et al., 1997;
Paz et al., 2008). Most importantly, 4. carterae can be grown at relatively high
densities in axenic culture (Liu, Place, & Jagus, 2017), is readily available from
culture collections, has a relatively small diploid genome of around 3.4 picograms
(LaJeunesse, Lambert, Andersen, Coffroth, & Galbraith, 2005a) and a typical
peridinin plastid. Combined with a robust transcriptome (Lauritano et al., 2017) and
the annotation of several PKS/NRPS genes (Bachvaroff, Williams, Jagus, & Place,
2015), A. carterae is a sensible candidate for the characterization of genes that may
be involved in natural product synthesis.

21



Overview of experimental goals and rationale

In order to understand a complicated yet biochemically redundant process like
natural product synthesis, we need to be able to isolate the participants for our
product of interest, separating the wheat from the chaff. Thus, the goal is to develop
methods that will allow for identifying specific interacting partners in natural product
synthesis and assign a putative function. The following chapters will address three
sequential avenues to achieve this goal. The first chapter focuses on cataloging the
genes and domains that may participate in synthesizing these natural products and
selecting candidate genes for further study (Williams, Bachvaroff, & Place,
Evolutionary Biology, 2021). This is a necessary first step to address the copy
number issues. While certain genes may be fundamentally important to biosynthesis,
a high copy number may make their study intractable. To the largest extent, possible
candidates should be chosen by their ability to be biochemically validated and the
strength of current functional predictions. The second chapter attempts to characterize
the biology of the candidate genes (Williams, Bachvaroff & Place 2020,
Microorganisms). This will inform further analyses that may not occur in-situ by
giving downstream results a physiological context. Methods employed should be a
mix of direct observations as well sequence-based predictions when reasonable to
inform downstream experiments. The third chapter will validate these predictions by
testing the interactions of candidates in a heterologous system (Williams, Bachvaroff
& Place 2022, Microorganisms). The underlying rationale is that proteins that readily
interact are more likely to participate in the same biochemical pathway as
biosynthetic partners. One important goal is to distinguish the synthesis of toxins and
polyunsaturated fats from the synthesis of saturated lipids, which use many of the
same genes. Another important goal is to see how these proteins behave compared to
model systems in bacteria and fungi to establish a baseline expectation of function for
future studies. Finally, it is worth establishing protocols for characterizing
dinoflagellate genes using an expression in a heterologous system and identifying
potential pitfalls for future work.
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Chapter 1: A Global Approach to Estimating the Abundance and

Duplication of Polyketide Synthase Domains in Dinoflagellates

Abstract

Many dinoflagellate species make toxins in a myriad of different molecular
configurations but the underlying chemistry in all cases is presumably via modular
synthases, primarily polyketide synthases. In many organisms modular synthases
occur as discrete synthetic genes or domains within a gene that act in coordination
thus forming a module that produces a particular fragment of a natural product. The
modules usually occur in tandem as gene clusters with a syntenic or operonic
arrangement that is often predictive of the resultant structure. Dinoflagellate genomes,
however, are notoriously complex with individual genes present in many tandem
repeats and very few synthetic modules occurring as gene clusters, unlike what has
been seen in bacteria and fungi. However, modular synthesis requires a free thiol
group called a thiolation domain that acts as a carrier for sequential synthesis. We
scanned 47 dinoflagellate transcriptomes for 23 modular synthase domain models and
compared their abundance among ten orders of dinoflagellates as well as their co-
occurrence with thiolation domains. The total count of domain types was quite large
with over thirty-thousand identified, twenty-nine thousand of which were in the core
dinoflagellates. Although there were no specific trends in domain abundance
associated with types of toxins, there were clear lineage specific differences. The
Gymnodiniales, makers of long polyketide toxins such as brevetoxin and karlotoxin,
had a high relative abundance of thiolation domains as well as multiple thiolation
domains within a single transcript. Orders such as the Gonyaulacales, makers of small
polyketides such as spirolides, had fewer thiolation domains but a relative increase in
the number of acyl transferases. Unique to the core dinoflagellates, however, were
thiolation domains occurring alongside tetratricopeptide repeats that facilitate protein-
protein interactions, especially hexa and hepta-repeats, that may explain the
scaffolding required for synthetic complexes capable of making large toxins.
Clustering analysis for each type of domain was also used to discern possible origins
of duplication for the multitude of single domain transcripts. Single domain
transcripts frequently clustered with synonymous domains from multi-domain
transcripts such as the BurA and Zmak like genes as well as the multi-ketosynthase
genes, sometimes with a large degree of apparent gene duplication, while fatty acid
synthesis genes formed distinct clusters. Surprisingly the acyltransferases and
ketoreductases involved in fatty acid synthesis (FabD and FabG, respectively) were
found in very large clusters indicating an unprecedented degree of gene duplication
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for these genes. These results demonstrate a complex evolutionary history of core
dinoflagellate modular synthases with domain specific duplications throughout the
lineage as well as clues to how large protein complexes can be assembled to
synthesize the largest natural products known.

Introduction

Dinoflagellates are unicellular aquatic eukaryotes with an interesting and complicated
evolutionary history (Bachvaroff et al., 2014; Janouskovec et al., 2017). Generally
speaking, they can be divided into two main groupings with the heterotrophic, often
parasitic syndiniales at the base of the dinoflagellate lineage and the often
mixotrophic “core dinoflagellates” extending out into the distal branches
(Janouskovec et al., 2017). The core dinoflagellates have a chloroplast or evidence of
a lost chloroplast with multiple symbiotic events occurring throughout the lineages
(Keeling, 2010; Schnepf & ElbrdaChter, 1999). Although many core dinoflagellates
are mixotrophic (Jacobson & Anderson, 1996; Jeong et al., 2010), the majority of
dinoflagellate “algae” that form harmful algal blooms are photosynthetic, Noctiluca
scintilans (Macartney) being the exception. Toxic dinoflagellates are exclusively
photosynthetic and there is evidence that toxin synthesis may initiate in the
chloroplast (Monroe, Johnson, Wang, Pierce, & Van Dolah, 2010; Van Dolah et al.,
2013), indicating a potential relationship between photosynthesis and natural product
synthesis in dinoflagellates. Amphidinium carterae (Hulbert) is a basal,
photosynthetic dinoflagellate that makes the toxin amphidinol as well as many
derivatives termed amphidinolides (Kobayashi, 2008; Meng et al., 2010), indicating
that the acquisition of a plastid and toxicity are early events in the evolution of the
core dinoflagellates. Many dinoflagellate toxins pose human health concerns by a
variety of mechanisms (Wang, 2008) as well as ecological and trophic impacts
(Sheng et al., 2010; Van Wagoner et al., 2010).

The toxins themselves are almost universally polyketides, i.e. they are formed from
sequentially added acetate subunits that are modified prior to addition of the next
acetate subunit (Bentley & Bennett, 1999). The workhouse enzymatic domain in the
synthesis of polyketides is the ketosynthase (KS) domain, a condensation domain that
incorporates malonyl-CoA into an existing acyl chain as acetate with the release of
CO2 driving the reaction (Jenke-Kodama & Dittmann, 2009; Khosla, 2009).
Analogously non-ribosomal peptide synthases also perform a condensation reaction
of carboxylic acids, often an amino acids using a condensation domain but with
substrate specificity provided by an adenylation domain (Izoré & Cryle, 2018;
Rausch, Hoof, Weber, Wohlleben, & Huson, 2007). The enzymes that incorporate
each building block work with downstream modifying domains to form synthetic
modules that create complex biomolecules and are responsible for many known
naturally occurring compounds including antibiotics (Gurney & Thomas, 2011; Lim
et al., 2009; McDaniel et al., 1999).

Labeling studies have shown that dinoflagellate toxins exclusively incorporate acetate
from malonyl-CoA (Houdai et al., 2001; Lee, Qin, Nakanishi, & Zagorski, 1989;
Macpherson et al., 2003; Meng et al., 2010; Wright, Hu, McLachlan, Needham, &
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Walter, 1996), unlike bacteria that often incorporate propionate or butyrate (Moore &
Hertweck, 2002). Toxins often initiate from or are occasionally extended by small
amino acids like glycine or other carboxylic acids like glycolate (Macpherson et al.,
2003; Rasmussen et al., 2017). There is also evidence for alkylation by methionine or
acetate as well as side-by-side ‘alpha’ carbons from acetate explained by the deletion
of carbon by a theorized Favorskii rearrangement removing the beta carbon from one
acetate (Van Wagoner et al., 2014). Toxins range in complexity and size from the 31
carbon Gymnodimine (Seki et al., 1995) to the 164 carbon maitotoxin that has 98
stereocenters (Sasaki et al., 1996).

In spite of their complexity, synthesis of the backbone of dinoflagellate toxins utilizes
the same core machinery as lipid synthesis. Lipids as a secondary metabolite are
differentiated from natural products in that they are fully saturated, highly regulated,
and usually transported to the chloroplast, mitochondrion, and cytosol during both
synthesis and degradation (Buhman, Chen, & Farese, 2001; Marechal, Block, Dorne,
Douce, & Joyard, 1997; Tatsuta, Scharwey, & Langer, 2014). Thus, there is
frequently a segregation of genes, phylogenetically and physically, involved in lipid
synthesis from those involved in secondary metabolite synthesis, including in
dinoflagellates (Kohli et al., 2016). In terms of acetate incorporation, all
dinoflagellate toxins and lipids rely on the aforementioned ketosynthase domains
along with several biologically universal modification domains: ketoreductases
(KRs), dehydratases (DHs) and enoyl reductases (ERs) to form a sequentially reduced
backbone structure and acyl transferases (ATs) and thioesterases (TEs) to move and
terminate growing acyl chains. These enzymatic domains interact with the substrate
and each other via a reaction center created by transferring the phosphopantetheinyl
arm of coenzyme A onto a carrier protein (Beld, Sonnenschein, Vickery, Noel, &
Burkart, 2014; Wang et al., 2014).

One key difference between lipid and other secondary metabolite synthesis is that
lipid synthesis is iterative, utilizing a single carrier protein called the acyl carrier
protein while natural products are made with multiple modules with a homologous
thiolation carrier domain . Whether the particular chemistry of each module is a PKS,
an NRPS, or a hybrid system; a thiolation domain is the reaction center for all of
these modular synthases. Likewise, a thiolation domain is the reaction center for each
module involved in toxin synthesis in dinoflagellates. This is useful when dealing
with dinoflagellates since the type I multi-domain polyketide synthases and non-
ribosomal peptide synthases found in fungi (Schiimann & Hertweck, 2006) and
usually associated with eukaryotes are relatively uncommon in dinoflagellate
transcriptomes with most described transcripts containing one or rarely a few
domains that would have to be combined into a multi-enzyme synthetic complex
(Van Dolah et al., 2017), similar to the type II polyketide synthases and NRPS
usually found in prokaryotes (Hertweck, Luzhetskyy, Rebets, & Bechthold, 2007;
Izoré & Cryle, 2018). This is not surprising since dinoflagellates often encode genes
as tandem repeats of gene copies rather than gene clusters of common metabolic
function (Bachvaroff & Place, 2008), but this also makes phylogenetic reconstruction
difficult even for single domains due to a high copy number of very similar
sequences.
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The exceptions to the multitude of single domain transcripts in dinoflagellates are
several multi-domain genes that have conserved domain arrangement and sequence.
Two of these are the BurA and ZmaK-like genes (Bachvaroff, Williams, Jagus, &
Place, 2015) each contain both adenylation and ketosynthase domains in what appears
to be a single hybrid PKS NRPS module. There is also a multi-module gene usually
containing at least three consecutive ketosynthase-containing modules, here referred
to as the triple KS (Van Dolah et al., 2017; Van Dolah et al., 2020). Phylogenies of
dinoflagellate modular synthase domains usually form a robust set of dinoflagellate
clades but with poor support placing these clades among eukaryotic outgroups, as
well as no obvious reflection of relationships within core dinoflagellates (Beedessee
et al., 2019; Kohli et al., 2016; Meyer et al., 2015). This not only reveals a gap in
annotated sequences that can function as outgroups to dinoflagellates but also
indicates that at least some of these modular synthases are likely of bacterial origin,
specifically BurA and ZmakK, which have only been described in prokaryotes and
seem to have been transferred in their entirety (Franke et al., 2012; Kevany et al.,
2009). Thus, with the exceptions of the conserved fatty acid biosynthetic genes and
the corresponding acyl carrier protein, phylogenetic comparisons to model eukaryotes
or prokaryotes are generally uninformative when trying to deduce the roles of
dinoflagellate modular synthases in toxin production. Likewise, the traditional
nomenclature of polyketide synthases that relies on single versus multi-domain and
prokaryote versus eukaryote fails to describe the domains in dinoflagellates in a
useful manner.

The primary aim of this study was to survey genes that may be involved in
dinoflagellate natural product synthesis, specifically toxins but including lipid
synthesis, without prejudice from prokaryotes or distantly related model eukaryote
terminology. Amphidinium carterae was used as a model because it is a basal toxic
dinoflagellate (Janouskovec et al., 2017) and has the BurA- and ZmaK-like genes as
well as the triple KS gene in their apparent entirety and single copy (Bachvaroft,
Williams, Jagus, & Place, 2015; Van Dolah et al., 2017). The domains selected were
taken from these previously annotated multi-domain dinoflagellate transcripts using
the following strategy 1) Use the A. carterae to collect similar domains from the 4.
carterae transcriptome, 2) Make a hidden Markov Model (HMM), 3) Use the HMM
to retrieve domains from all available dinoflagellate transcriptomes, and 4)
Enumerate and cluster resultant domains to functionally bin them.

This resulted in several unexpected discoveries such as a large number of adenylation
domains seemingly without the traditional condensation domains as well as
scaffolding domains associated with specific synthetic domains. This global approach
was also able to describe the relative copy number of each synthetic domain revealing
several atypical relationships. One example is a large number of enoyl reductases
compared to dehydratases, which is very strange since enoyl reductases theoretically
act downstream and should be less abundant than dehydratases. The second portion of
this survey was to place the retrieved domains into theoretical functional bins based
on sequence similarity using a method that is not hampered by gene duplication and
horizontal gene transfer. Although many of these synthetic domains can and have
been given hypothetical function using phylogenetic inference with model systems as
outgroups, the results presented here demonstrate many novel sequence clusters that
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are difficult to resolve phylogenetically as well as some very atypical gene
expansions including acyl transferases and ketoreductases involved in lipid synthesis
that were largely overlooked in previous studies. The results of this study demonstrate
another way in which dinoflagellates defy the paradigms established by model
systems, in this case in terms of the mechanisms of natural product (toxin) synthesis
and are presented here as a framework to be used in future biochemical experiments
to validate the hypothetical functions of PKS and NRPS genes in dinoflagellates.

Materials and Methods

Transcriptome preparation and analysis

A total of 61 initial transcriptomes were selected for domain searches with the
majority of dinoflagellate transcriptomes taken from the CAMERA database
originally published in (http://camera.calit2.net/mmetsp/list.php, (Sun et al., 2011)
and now hosted at https://www.imicrobe.us/#/projects/104. The NCBI project
#PRINA231566 was assembled using Trinity v.2.0.2. In addition, data for cultures of
Karenia brevis (C.C. Davis), Karlodinium veneficum (D. Ballantine), and Akashiwo
sanguinea (K. Hirasaka) that were infected with the syndinian parasite of the genus
Amoebophyra were collected from previous phylogenetic studies (Bachvaroff, Handy,
Place, & Delwiche, 2011; Bachvaroff et al., 2014; Williams et al., 2017). For 4
sanguinea, the transcriptome was done with and without infection and for the K.
veneficum parasite there is a genome available for comparison (Bachvaroff, 2019). In
addition to these transcriptomes, the deep sequencing transcriptomes (using Hi-Seq)
for K. brevis (Van Dolah et al., 2017), and two Gambierdiscus species (Kohli et al.,
2017), G. excentricus (S. Fraga) and G. polynesiensis (Chinain and M.

Faust), assembled using CLC (595M, 118M, 884M reads, respectively) were
included. Unfortunately, the transcriptomes from the two Gambierdiscus species in
the transcriptome sequence archive were incomplete with about seventy PKS genes
identified in the initial study deposited separately in Genbank. These were added back
into the total domain count following domain searches. Each transcriptome was
translated in all six frames using a Perl script and Genbank translation table 1
(standard eukaryotic) prior to analysis.

Benchmarking Universal Single-Copy Orthologs (BUSCO) (Simao,
Waterhouse, Ioannidis, Kriventseva, & Zdobnov, 2015) was used to determine
transcriptome quality using the Eukaryota odb9 dataset (Table 1-1).

Transcritome BUSCO Scores and Domain Content
Combined Duplicate Domain
Species § Single§ § Domains Types
Alexandrium andersonii 33.30% 25.70% 7.60% 1155 541
Alexandrium catenella 68.30% 54.10% 14.20% 1244 584
Alexandrium margalefi 73.00% 59.10% 13.90% 1555 801
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Alexandrium minutum 27.40% 22.10% 5.30% 169 91
Alexandrium monilatum 80.20% 57.40% 22.80% 1292 678
Alexandrium tamarense 86.10% 49.80% 36.30% 1739 956
Karlodinium veneficum 78.90% 55.80% 23.10% 1227 638

Amphidinium carterae 78.60% 66.70% 11.90% 727 388

Amphidinium klebsii 80.20% 66.70% 13.50% 720 393
Amphidinium massartii 77.30% 67.70% 9.60% 614 314
Akashiwo sanguinea 83.10% 46.50% 36.60% 1497 848
Azadinium spinosum 80.20% 57.80% 22.40% 2122 1108
Brandtodinium nutriculum 64.60% 52.10% 12.50% 859 420
Ceratium fusus 81.50% 60.40% 21.10% 1066 653

Chromera velia 54.80% 47.50% 7.30% 104 66
Crypthecodinium cohnii 79.20% 63.40% 15.80% 1231 716
Dinophysis acuminata 71.00% 53.80% 17.20% 1590 787
Durinskia baltica 81.10% 45.50% 35.60% 801 387
Gambierdiscus excentricus 74.30% 63.70% 10.60% 847 448

Gyrodinium instriatum 80.90% 53.50% 27.40% 2110 1147

Glenodinium foliaceum 81.80% 46.20% 35.60% 1078 532
Gonyaulax spinifera 50.90% 38.00% 12.90% 883 412
Gambierdiscus
polynesiensis 68.30% 59.70% 8.60% 1378 766
Gymnodinium catenatum 83.20% 63.70% 19.50% 579 325
Hematodinium sp. 77.20% 33.30% 43.90% 724 471
Heterocapsa arctica 64.00% 51.80% 12.20% 797 398
Heterocapsa rotundata 65.70% 57.10% 8.60% 712 343
Karenia brevis CLC 80.90% 64.70% 16.20% 2006 1197
Karenia brevis_Trinity 83.50% 61.40% 22.10% 1526 939
Kryptoperidinium
foliaceum 84.80% 36.00% | 48.80% 1699 823
Lingulodinium polyedra 80.80% 58.40% 22.40% 2407 1304
Noctiluca scintilans 77.50% 65.00% 12.50% 625 324
Oxyrrhis marina (LB1974) 75.20% 60.70% 14.50% 399 240
Oxyrrhis marina
(unknown) 79.50% 62.00% 17.50% 461 290
Pelagodinium beii 68.00% 53.10% 14.90% 945 462
Peridinium aciculiferum 78.80% 58.70% | 20.10% 846 443
Perkinsus chesapeaki 1.70% 1.70% 0.00% 16 9
Perkinsus marinus 30.00% 23.10% 6.90% 75 40
Prorocentrum
hoffmanianum 79.60% 58.10% | 21.50% 1178 581
Prorocentrum micans 78.30% 47.90% 30.40% 1210 696
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Prorocentrum minimum
(1329) 76.90% 48.50% 28.40% 678 370

Prorocentrum minimum
(2233) 39.20% 30.00% 9.20% 276 155
Polarella glacialis (2088) 55.80% 44.20% 11.60% 594 298
Protoceratium reticulatum 68.30% 54.10% 14.20% 1247 592
Pyrodinium bahamense 73.30% 61.40% 11.90% 1138 598
Scrippsiella hangoei 81.90% 57.10% 24.80% 1234 724
Scrippsiella hangoei like 82.50% 62.00% 20.50% 1002 532
Scrippsiella trochoidea 77.80% 55.40% 22.40% 1554 906
Symbiodinium (B1) 80.90% 70.00% 10.90% 676 385
Symbiodinium (C1) 84.80% 62.00% 22.80% 199 109
Symbiodinium (C15) 35.30% 32.00% 3.30% 828 418
Symbiodinium (2430) 57.10% 49.50% 7.60% 568 278
Symbiodinium (421) 66.30% 30.00% 36.30% 1352 659
Symbiodinium (D1a) 46.90% 28.40% 18.50% 558 307
Symbiodinium (Mp) 81.60% 70.00% 11.60% 766 368
Symbiodinium (A) 61.40% 52.50% 8.90% 752 381
Triceratium dubium 41.50% 32.30% 9.20% 183 98

§ Percentages shown are the fraction of BUSCO genes retrieved by one (Single), multiple

(Duplicate), or any number (Combined) of transcripts in each transcriptome

The eukaryote database was chosen over the protist database after initial tests
with the protist database gave very low scores (approximately 30% maximum, data
not shown). This study is intentionally specific to the “core” dinoflagellates so only
closely related outgroups were used including Perkinsus marinus (Levine), Chromera
velia (R.B. Moore et al.), and Triceratium dubium (Brightwell), as well as the
syndinian parasite of crustaceans Hematodinium sp. and the two aforementioned
syndiniales with dinoflagellate hosts. No pertinent domains were found in the
transcriptomes of syndinian parasites with dinoflagellate hosts except for three
transcripts from the K. veneficum parasite and were thus excluded from further
analyses giving a total of forty-six transcriptomes with a BUSCO score 64% or
greater that were included in the final tabulations following domain searches. The two
K. brevis transcriptomes using different assembly methods had similar BUSCO
scores and so the Trinity assembled transcriptome was selected for the final
tabulations to make comparisons with other transcriptomes, the majority of which
were assembled using Trinity, more comparable. Oxyrrhis and all outgroup species
were given their own taxonomic bin. The forty remaining ingroup transcriptomes
were placed into 7 taxonomic bins at approximately the ordinal level including the
Gonyaulacales (ten species), the Thoracosphaerales (Brandtodinium), the
Prorocentrales (three species), the Peridiniales (ten species), the Dinophysiales (two
species), the Noctilucales (Noctiluca), and the Gymnodiniales (eight species) with the
Suessiales (five additional species) as a subgrouping of the Gymnodiniales. The 64%
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cutoff was chosen as a natural observed breakpoint for transcriptomes that had a full
repertoire of domains relative to other closely related species (Figure S1-1). Some of
the outgroup species had lower BUSCO scores (P. marinus 30%, C. velia 54.8%, T.
dubium 41.5%) than the 64% cutoff. Although the scores were low, these
transcriptomes were included since most of the tabulations are based on ratios and the
domain searches successfully recovered transcripts with synthetic modules, e.g., 183
domain hits for 7. dubium and 104 domain hits for C. velia. Also, BUSCO analysis of
the P. marinus genome (Genbank Bioproject PRINA12737) yielded a completeness
score of 53.3% indicated that the alveolate sequences may not be well represented in
the BUSCO database and/or that parasitism has resulted in gene reduction. A lack of
sequence representation in the BUSCO database is also supported by maximum
BUSCO scores of approximately 80%, even for deeply sequenced transcriptomes
showing that the BUSCO scores could be used as a guide but were not quantitative.

HMM assembly and domain searches

Amphidinium carterae (Hulbert) was used to create dinoflagellate specific hidden
Markov models (HMMs) of domains from modular synthases. Although many robust
models exist for model species, protists in general are poorly sampled and with
almost no experimental verification, predictions based on those models are difficult
given high pairwise differences. Four transcripts of multi-domain synthases from the
A. carterae transcriptome were used (Figure 1-1). Each is readily found in other
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Figure 1-1: Domain arrangement of A. carterae transcripts used in hidden Markov
model creation.

Individual modular synthase domains are shown at the top with example products for their
reaction. In addition Adenylation (A), FSH1 serine hydrolases (FSH1), GCN5-associated
N-acetyl transferase (GNAT), and tetratrico peptide repeats (TTPR) are shown for the
multi-domain transcripts with examples of potential products included. “SL” refers to the
dinoflagellate spliced leader sequence and is present if a spliced leader sequence has
been verified.

dinoflagellate taxa with the same domain arrangement. The first
(comp6001 c0 _seql) is a hybrid PKS / NRPS, the BurA-like gene described in the
bacterial genus Burkholderia that participates in the synthesis of burkholderic acid
(Franke et al., 2012). It has an unusual domain order containing two thioesterase, two
thiolation, an adenylation (described by the NCBI conserved domain database as an
acyl-CoA ligase), a ketosynthase, a ketoreductase, and an acyltransferase domain.
The second (comp26075 c0 seql) is also a hybrid PKS / NRPS that is most similar
on a sequence similarity basis to the ZmaK gene described in Bacillus cereus to act in
the synthesis of zwittermicin (Kevany et al., 2009). It contains two thiolation, an
adenylation, an acyltransferase, a ketosynthase, a ketoreductase, a dehydratase, an
enoyl reductase, and a FSH1 serine hydrolase domain. While the BurA-like gene has
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the same domain content and arrangement as the genes from Burkholderia, the
domain arrangement of the ZmaK-like gene is similar but not identical to the ZmaK
gene from B. cereus making predictions about substrates or function in dinoflagellates
unreliable. The third multi-domain transcript is a straightforward multiple
ketosynthase-containing set of overlapping transcripts (comp305 c0 seql, and
comp32615 c0 _seql) that have a total of four thiolation domains and three possible
modules, each with a ketosynthase domain as well as a ketoreductase; a ketoreductase
and a dehydratase; and a ketoreductase, a dehydratase, an enoyl reductase, and a
thioesterase. This triple-KS transcript has a ketosynthase in the third module
described as an acyltransferase containing ketosynthase by the NCBI conserved
domain database. Thus, an acyltransferase may or may not be detected depending on
the software used and database queried. A final 4. carterae transcript
(comp14261 c0 seql) used to make HMMs is herein termed TeCATe due to the
flanking thioesterase domains and repeating adenylation and condensation domains as
well as a GCN5-associated N-acetyl transferase (GNAT) domain that transfers acetate
from acetyl CoA to a substrate (Favrot, Blanchard, & Vergnolle, 2016), but
conservation of this sequence in other dinoflagellate species is low. One additional
sequence is comp17349 c0 seql that contains a thiolation domain and a
tetratricopeptide repeat that is used in protein-protein interactions across life in a
variety of process and configurations (Zeytuni & Zarivach, 2012). This combination
was first described in K. brevis (Van Dolah et al., 2017) and was included to
determine the prevalence and association of this repeat domain with other modular
synthase domains. It is unclear if any of these transcripts participate in toxin synthesis
but they are readily identifiable and the domain arrangement of the triple-KS, BurA
and ZmakK like genes in A. carterae is conserved in other dinoflagellates indicating
that the function is also likely conserved.

This resulted in a total of 22 domains for HMM creation with sequence
boundaries based on InterPro (Hunter et al., 2009) annotations as implemented in
Macvector V16.0.1. These included the adenylation, the ketosynthase, the
ketoreductase, and the acyltransferase domain as well as thioesterase domain 1 from
BurA; the adenylation, dehydratase, enoyl reductase, and serine hydrolase domains
from ZmakK; ketoreductase domain 2, thiolation domain 3, ketosynthase domain 3,
dehydratase domain 3, enoyl reductase domain 3, and the thioesterase domain from
the triple-KS; adenylation domain 1, thiolation domain 1, both condensation domains,
and the GNAT domain from TeCATe; and finally the thiolation and tetratricopeptide
repeat domains from comp 17349 c0 seql (Figure 1-1). These domains were chosen
to provide replicative sampling of each domain across multiple sequences when
possible.

The protein translation from the A. carterae sequence of each domain was
used as the query sequence for a BLAST search across all possible protein
translations of the A. carterae transcriptome with no cutoff to give as broad a
sampling as possible. The aligned region of each BLAST hit was then compiled into a
single file for each query domain in fasta format and aligned using Muscle V3.8.31
(Edgar, 2004). These alignments were then each used to generate an A. carterae
specific hidden Markov model (HMM) for each domain using hmmbuild in the
HMMER V3.3 package (Mistry, Finn, Eddy, Bateman, & Punta, 2013). Each HMM
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was then compressed with hmmpress and used by hmmsearch with an e-value cutoff
of 1e-10 across the protein translations of all 58 transcriptomes with the results given
in tab-delimited format for processing. An e-value cutoff was given for the HMM
search and not the BLAST search with the assumption that spurious BLAST hits
would be represented in the HMM as aligned characters with very low bit scores and
that the e-value cutoff in the HMM search would prevent propagation of these errors
while maximizing sensitivity. A Perl script was then used to tabulate the data from
the HMM search giving a count of each HMM for a given transcript (Table S1-1).
The tabulated results were summarized graphically in R V3.3.2 using the GGplot
package. For redundant domains the HMM with the highest number of counts for a
given transcript was used to maximize sensitivity, e.g., if the three ketosynthase
HMMs returned counts of 1, 2, and 1 the transcript would be counted as having two
ketosynthase domains. This differentiates the domains that correspond to a specific
HMM, from a domain type that equals the functional classification such as
“ketosynthase”.

Domain clustering

Protein sequences for each domain were retrieved from the 6-frame translation
of each transcriptome using a Perl script and the output from hmmsearch giving the
translation frame and position of the alignments for each HMM. Multiple hits within
a transcript were indexed out of the maximum number of that domain in the
transcript, e.g. Ketosynthase 1 3 for ketosynthase domain was the first of a total of
three along with the transcript and host indentifiers. The sequence files were
dereplicated via a Perl script prior to clustering to remove redundant protein
sequences t. The extracted protein sequences were output in fasta format and
sequences for adenylation, ketosynthase, thiolation, acyltransferase, and thioesterase
domains were each clustered using CLANS (Frickey & Lupas, 2004). This software
uses an all by all BLAST search and the subsequent e-values are used as attraction
values to group sequences. This is not as robust a method as global alignment with
phylogenetic inference for finding relationships but is able to group sequences
in three-dimensionsl way and is useful when trying to compare and visualize many
very similar sequences. Clusters were visually identified based on a high relative
number of internal edges and the sequence names of each node within each cluster
were exported to a text file. The sequence list of each cluster was then compared to
the master list of domain counts for each transcript to determine the content of each
cluster that could be annotated. The vast majority of sequences were single domain
transcripts. However, if all of a particular domain from a multi-domain transcript was
encompassed by a single cluster then that cluster was labeled based on that multi-
domain transcript, e.g. if the ketosynthase domain from every BurA transcript was
found in a single cluster then that cluster was labeled “BurA”.

The thiolation domains were a special case in that almost all of the domains retrieved
formed just one cluster. In order to provide resolution, the acyl carrier protein
sequences (presumably involved in lipid synthesis) from A. carterae
(comp649 c0 seq2, comp2819 c0 seql, and comp3690 cO seql) were used as
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BLAST queries against the other transcriptomes and a separate HMM search was
performed. The thiolation domains from these sequences were then added back into
the clustering analysis. This was not necessary for the other domains where either the
genes involved in lipid synthesis were retrieved in the initial HMM search or there
was sufficient resolution of clusters to make the inclusion of fatty acid biosynthesis
genes unnecessary. For the smaller datasets of acyltransferase and thioesterase
domains, verification of the clustering results were attempted by maximum likelihood
based phylogenetic inference using RAXML (Stamatakis, 2014) using rapid
bootstrapping of 100 replicates and seed values of 11111 for both the bootstrapping
and parsimony steps.

Results

BUSCO scores

The scores from the BUSCO analysis ranged from 1.6% for P chesapeaki to 86.1%
for A. tamarense (Table 1-1). There was also frequent duplication with up to 48.8%
of the orthologs used for testing present in multiple copies in Kryptoperidinium
foliaceum (F. Stein). Despite deep sequencing of several of the transcriptomes, the
highest BUSCO score would not be considered a complete transcriptome, indicating
that many of the “common” eukaryotic orthologs are not present or were not detected.
Deep sequencing also did not guarantee a higher than average score with the G.
polynesiensis transcriptome analysis resulting in a score of 68.3%. Several of the
transcriptomes had very low scores such as the A. andersonii (33.3%) and P.
minimum strain 2233 (39.2%) that correlated to a lower number of assembled contigs
(1M and 500k, respectively) compared to those with high scores (1.8M for A.
tamarense).

Domain tabulation

The core dinoflagellates were shown to have many more synthase modules
relative to the syndinales and outgroups. Lingulodinium polyedra (F. Stein) possessed
the most domains (total HMM hits) and most domain types (unique functional group
hits, e.g. “ketosynthase”) with 2407 and 1304, respectively (Table 1-1). In total there
were 55,818 HMM hits with sufficient scores (<le-10) across all transcriptomes
(including those with low BUSCO scores) with a median value of 859 per
transcriptome, although around 40% of these were tetratricopeptide repeats
predominantly occurring in the core dinoflagellates. When the number of modular
synthase hits (again excluding tetratricopeptide repeats) was reduced to functional
domains by taking the maximum score across all HMMs for the same domain there
were 27,424 domains in the core dinoflagellates compared to 1332 for the outgroup
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species, or an average of 669 and 222 per transcriptome, respectively (Table 1-2).

Summary of Domain Type:
Species i tag Dehydratas Enoyl Thi iolation [Acyl_Ti 1]C i T [TTPR_[SUM_|SUM (no TTPR)
Akashiwo_sanguineum 238 168 123 10 194 11 74 58 41 5 0 561 | 1483 922
Alexandrium_catenella 97 172 74 0 57 13 1 104 36 0 0 767 | 1397 630
Alexandrium_margalefi 129 238 117 10 84 22 86 129 46 1 0 715 | 1577 862
Alexandrium_monilatum 161 163 118 9 62 17 87 79 41 1 0 723 | 1456 733
Alexandrium_tamarense 241 188 165 6 17 23 95 145 69 1 0 785 | 1835 1050
Amphidinium_carterae 109 76 61 27 46 17 61 17 15 10 5 304 748 444
Amphidinium_klebsii 115 63 74 27 38 25 60 17 14 8 3 320 764 444
Amphidinium_massartii 85 68 67 9 32 8 42 16 15 6 2 285 635 350
Azadinium_spinosum 163 342 148 25 93 29 144 166 84 0 0 1217 | 2411 1194
Brandtodinium_nutriculum 128 112 68 7 53 5 51 30 9 1 0 299 | 763 464
Ceratium_fusus 277 74 123 9 90 49 33 48 19 2 0 148 872 724
Crypthecodinium_cohnii 226 72 118 27 179 6 52 7 19 3 0 278 | 1052 774
Dinophysis_acuminata 119 248 96 3 70 14 127 108 55 1 0 1013 | 1854 841
Durinskia_baltica 150 74 70 6 45 4 39 29 8 0 0 294 719 425
Gambierdiscus_excentricus 101 35 92 4 ral 14 64 63 42 0 0 657 | 1143 486
Gambierdiscus_polynesiensis 125 177 106 12 90 20 106 169 34 0 0 655 | 1494 839
Glenodinium_foliaceum 237 92 89 4 ral 6 49 46 11 2 0 271 878 607
_catenatum 138 36 51 3 46 7 36 21 14 0 0 39 391 352
Gyrodinium_instriatum 559 83 157 29 84 12 200 81 57 1 0 359 | 1622 1263
Heterocapsa_arctica yal 129 66 11 25 6 58 54 9 2 0 288 719 431
Heterocapsa_rotundata 66 120 50 6 28 9 45 36 7 4 0 269 640 371
Karenia_brevis 234 166 163 9 110 9 168 75 7 6 2 601 | 1614 1013
Karlodinium_veneficum 260 95 17 5 82 4 89 a1 23 4 0 436 | 1156 720
Kryptoperidinium_foliaceum 370 129 120 5 98 14 90 68 21 3 0 489 | 1407 918
Lingulodinium_polyedrum 217 371 239 3 97 25 137 210 82 6 0 1192 | 2579 1387
Noctiluca_scintilans 85 67 75 6 50 4 26 23 9 0 0 192 537 345
Pelagodinium_beii 145 102 75 6 60 5 69 32 15 0 0 321 830 509
Peridinium_aciculiferum 144 79 76 4 56 7 59 34 22 1 0 375 857 482
Prorocentrum_hoffmanianum 143 169 92 12 63 8 55 51 31 1 0 705 | 1330 625
Prorocentrum_micans 252 64 158 13 91 36 94 33 26 0 0 181 948 767
Prorocentrum_minimum_1329 127 42 95 3 49 16 31 21 18 2 0 167 571 404
Protoceratium_reticulatum 147 182 68 3 61 11 78 66 26 2 0 650 | 1294 644
Pyrodinium_bahamense 133 145 95 6 62 10 67 104 22 0 0 538 | 1182 644
Scrippsiella_hangoei 202 122 128 14 104 15 120 41 38 1 0 461 | 1246 785
Scrippsiella_hangoei_like 181 92 95 4 63 7 83 37 25 1 0 422 | 1010 588
Scrippsiella_trochoidea_ CCMP309| 313 141 152 14 105 19 154 63 32 7 0 487 | 1487 1000
Symbiodinium_sp_B1 96 53 88 7 46 7 95 17 19 1 0 349 778 429
Symbiodinium_sp_C1 125 70 91 7 58 7 65 25 18 1 0 362 829 467
Symbiodinium_sp_CCMP421 187 147 101 13 81 13 117 49 23 0 0 586 | 1317 731
Symbiodinium_sp_cladeA 78 74 54 24 33 6 33 21 8 7 1 124 463 339
Symbiodinium_sp_Mp 120 66 76 2 42 9 62 23 21 0 0 400 821 421
SUM (core dinoflagellates) 7094 5106 4181 404 2986 549 3278 2527 1195 91 13 11928546709 27424
Chromera_velia 24 1 20 0 22 1 1 1 2 0 0 13 85 72
Hematodinium_sp 119 61 91 18 106 1 52 25 27 3 0 8 511 503
Oxyrrhis_marina 129 21 ral 0 60 3 11 21 9 0 0 56 381 325
Oxyrrhis_marina_LB1974 105 25 48 0 43 1 14 24 6 0 0 58 324 266
Perkinsus_marinus 16 0 9 13 15 0 0 0 2 0 0 0 55 55
Triceratium_dubium 46 9 28 0 25 0 0 1 1 1 0 165 276 111
SUM (outgroups) 439 117 267 31 271 6 78 72 47 4 0 300 | 1632 1332
TOTAL 7533 5223 4448 435 3257 555 3356 2599 1242 95 13 1 19585] 48341 28756
Values shown represent the count of each domain type in each transcriptome or the sum when designated.
Abbreviations: FSH1 = fision yeash serine hydrolase 1, GNAT = GON5-associated N-acetyl transferase , TTPR = tetratricopeptide repeat

When the two dinoflagellate outgroup species Hematodinium and Oxyrrhis are
removed and the remaining outgroup alveolates are taken separately: the average
drops even further to 79. The largest difference was in the thioesterase domains that
were thirteen times more abundant in the core dinoflagellates and often only a single
copy in the outgroup species. Thiolation and ketosynthase domains were also much
more abundant in the core dinoflagellates with a more than six-fold increase
indicating that core dinoflagellates possess a higher synthetic capacity than other
dinoflagellates and alveolates on average.

The GNAT and condensation domains from the TeCATe transcript were
poorly represented in the core dinoflagellates and absent from the outgroup species
(Table 1-2). This is likely due to the low number of BLAST results (five for the
GNAT, six for condensation domain 1, and nine for condensation domain 2) from the
primary search in 4. carterae that limited the creation of a robust HMM for GNAT
and condensation domains. By contrast the adenylation domain from the TeCATe
transcript resulted in 41 BLAST hits. The HMM search was still more sensitive than
BLAST alone with a total of 13 transcripts detected with a GNAT domain using the
HMM with an e-value cutoff of 1e-10 versus 8 using BLAST with no cutoff among
all transcriptomes (data not shown). Still, these domains may have been under-
sampled especially for taxa more distantly related to A. carterae. The GNAT and
condensation domains were the least represented among all other domains with
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adenylation and ketosynthase having the highest relative abundance across taxonomic

groups (Figure 1-2). Thiolation, acyltransferase, enoyl reductase, and ketoreductase
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Figure 1-2: The percent of each domain relative to all domains detected in dinoflagel using the dinoflagellate HMMs.

The relative dinoflagelate domain abundance for each domain is shown with the percent shown on the Y-axis and boxplots of the values when
more than one species was present in each group with black circles denoting outlier values. Dinoflagellates were grouped taxonomically by their
order and colored according to the legend on the right. The domains are shown on the X-axis excluding the tetratricopeptide repeat domains that
were used in the calculation but were frequently not associated with any of the modular synthase domains.

domains were also usually well represented while dehydratase, thioesterase, and the
FSHI serine hydrolase were in relatively low abundance.

This picture changes when looking at multi-domain transcripts (transcripts
with more than one domain type, not including multiple domain hits of the same
domain type), where roughly a third of dehydratase domains and half of thiolation
domains were found in these multi-domain transcripts while adenylation,
ketosynthase, ketoreductase, and enoyl reductase domains are predominantly found as
single domains (Figure 1-3). These trends frequently held across taxonomic

groupings except
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Figure 1-3: The percent of each domain in a multidomain transcript relative to the total number of each domain found in dinoflagellates.
The relative abundance of each domain type out of the total number of that domain (excluding tandemly repeated domains wihout other domain
types) is shown as a percent on the Y-axis and a box plot wheh multiple species are present with black circles denoting outlier values. Dinoflagel-
lates were grouped taxonomically by their order and colored according to the legend on the right. The GNAT domain was only present in two
taxonomic orders, the Gymnodiniales and the Suessiales, and the boxplots are thus drawn with a different width.

for thioesterases, which were found 10-15% of the time in multi-domain transcripts
for the Gonyaulacales and Dinophysiales and a quarter to a third of the time as multi-
domain transcripts in the other taxonomic groups. Multi-domain transcripts were the
exception in core dinoflagellates accounting for 8.34% of all domain types (excluding
tetratricopeptide repeats) with an average of 13.84% for each species and domain
type combination.

The relative abundance of modular synthase domains was similar across
species with no obvious differences in documented toxin-producing species. The
principal components plot based on domain counts and colored by toxin type was
used to demonstrate this (Figure 1-4A) and showed a general clustering of all species,

37



Domain Abundance PCA
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Figure 1-4: Principal component plots of the overall domain counts within dinoflagellates (A) and the breakdown of those counts within
clusters of highly similar sequences (B).
Principal components are shown for the total domain counts among taxonomic groups of dinoflagellates (A) as well as the count of individual
transcript within clusters of very similar domain sequences (B). Principal component 1 is shown on the X-axis and component 2 is shown on the
Y-axis with the relative contribution of each component shown next to each axis. The individual points represent an individual transcriptome that is
colored for the order level taxonomy of each species from which the transcriptome was samples shown on the legend on the right. Each point is
also labeled with a widely recognized toxin that is made by that secies.
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irrespective of toxin type except for three species: Gyrodinium instriatum, that does
not make a known toxin and has a higher proportional number of adenylation
domains (Axis 1 outlier on the far left), and Lingulodinium polyedra and Azadinium
spinosum that make yessotoxin and azaspiracids, respectively, and have a
proportionally higher number of ketosynthase domains (Axis 2 outliers on the
bottom). There were, however, lineage specific differences for specific domain types.
Thiolation domains were more relatively abundant in the more basal Gymnodiniales
compared to acyl transferase domains in a decreasing trend to the more distal
Gonyaulacales (Figure 1-5). This is also visible in the plot of domains as percentages.

Ratio of Thiolation to Acyl-transferase Domains
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Figure 1-5: The ratio of thiolation to acyl-transferase domains in dinoflagellate and outgroup taxa.

The relative abundance of thiolation and acyl-transferase domains are shown as a boxplot with the ration of thiolation to acyl-transferases on
the Y-axis. The X-axis shows the taxonomic grouping with dinoflagellates grouped by Order and single species given as their genus in parenthe-
ses with the exception of Oxyrrhis. The Syndiniales and other outgroup taxa are also shown represented by a single individual.

The acyltransferase domains make up a much higher percentage in the Gonyaulacales
and Dinophysiales versus other taxonomic groups (Figure 1-2), although this is less
obvious for the thiolation domains. There is also a high average number of thiolation
domains in a transcript when comparing the Gymnodiniales to the other taxonomic
groups (Figure 1-6).

39



Mean Number of Thiolation Domains in Thiolation Containing Transcripts
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Figure 1-6: The mean number of thiolation domains in all thiolation domain containing transcripts.

The average number of thiolation domains per transcript in all thiolation domain containing transcripts is shown on the Y-axis while the X-axis
shows the taxonomic grouping with dinoflagellates grouped by Order and single species given as their genus in parentheses with the excep-
tion of Oxyrrhis. Transcripts did not have to have any other domain type in order to be counted and many transcripts contained thiolation
domains exclusively.

Although tetratricopeptide repeats were found in almost every transcriptome,
the abundance was much higher in the core dinoflagellates (19,285 in core
dinoflagellates versus 300 in outgroups or a four-fold increase on average per
transcriptome) and the combination of this repeat in transcripts with thiolation
domains was only found in the core dinoflagellates (Figure 1-7). The number of
repeats varied within a
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Figure 1-7: Percentage of transcripts containing a thiolation domain and tetratricopeptide repeats in dinoflagellates and outgroup
species.

The percentage of thiolation domain conatining transcripts that also contain a tetratricopeptide repeat are shown with the percentage on the
Y-axis as boxplots when more than one species is present. The X-axis shows the order level taxonomy of the dinoflagelate species whith the
exception of Oxyrrhis and Perkinsus where the phylogenetic placement is less certain. The remaining outgroup species are are described as
their common phylum name followed by the genus level taxonomy in parentheses.

transcript from one to twenty and the repeat number distribution is approximately log
normal in shape with low repeat numbers being very frequent (Figure 1-8A).
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Figure 1-8: Histogram of the number of tetratricopeptide repeats in repeat containing transcripts.
The count of the tetratricopeptide containing transcripts is shown on the Y-axis while the number of repeats in those transcripts is shown on the
X- axis. The upper panel (A) shows the histogram of tetratricopeptide repeats in all repeat containing transcripts while the lower panel (B)
shows the histogram for transcripts that also contains a thiolation domain. This combination of tetratricopeptide repeats was only observed in
core dinoflagellates and thus the legends for the two panels are not identical. The upper legend for panel A includes dinoflagellates grouped by
order with individual specimens given as their genus in parentheses along with outgroup species while the lower legend for panel B only
includes core dinoflagellates.
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This distribution changes dramatically when looking at repeat numbers in
transcripts with a thiolation domain where six and seven member repeats are very
frequent approximating a t-distribution (Figure 1-8B). The relative number of repeats
among each taxonomic group did not vary greatly and approximated the relative total
number of domains found.

Domain Clustering and Gene Duplication

The protein sequence clustering provides a three-dimensional relationship
where more similar sequences are more closely spaced. If the points are close enough
to pass a calculated probability threshold of p <0.001 then a line is drawn denoting
significant similarity and a group of points with interconnecting lines was identified
as a cluster. While these data do not reflect inferred ancestry of the sequences like a
phylogenetic tree would, the relationships are not forced into a bifurcating
arrangement. This is helpful in visualizing many, very similar sequences such as
dinoflagellate domains where there is an abundance of gene duplication and strict
orthology is difficult to ascertain.

The domains retrieved by HMM searches were compared based on the
number of clusters, where a large number of clusters implies a high degree of inferred
functional diversity, and the size of the clusters is an indication of the amount of gene
duplication for that function. Clusters were also searched for annotated multi-domain
transcripts to compare clusters across and within each domain. The number of
sequences used for clustering varied substantially between domain type with 15,865
adenylation; 10,118 ketoreductase; 9832 ketosynthase; 7854 thiolation; 7025 enoyl-
reductase; 3324 dehydratase; 2492 acyl transferase; and 1085 thioesterase domains,
following dereplication of sequences. There are also likely some false positives from
the HMM search with 7887 of the 202,024 total sequences containing internal stop
codons that may be from the translation of a spurious open reading frame
coincidently similar to the HMM. These false positives as well as some truncated
sequences appear in the clusterings as outlying spots. Also, sequencing depth may
artificially inflate or deflate the size of each cluster. The BUSCO scores for each
transcriptome used in clustering were similar so this is not likely to be a dramatic
effect. Likewise, this is unlikely to affect the number of clusters, only the size, since
only a relatively large number of similar sequences would generate a cluster.

The thiolation domain clustering represents an example of low diversity and
low copy number with only two clusters formed when the acyl carrier protein was
added into the dataset and a small trail off of the largest cluster containing one of the
ZmaK thiolation domains (Figure 1-9). The main cluster has several subclusters, one
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Figure 1-9. Cluster plot of the thiolation domains.

A clustering of the protein sequences for dinoflgellate thiolation domains is shown. The
acyl carrier protein was added back into the analysis since this was not recovered in the
hidden Markov model search and is colored yellow. Thiolation domain clusters containing
the Triple-KS and ZmaK_2 (red), BurA (purple), and other unidentified thiolation domains
form the central cluster while a cluster containing the ZmaK_1 thiolation domain (green) is
shown extending down and to the left of the central cluster. An alignment of the reference
thiolation domains from Amphidinium carterae is shown in the upper left.

containing BurA transcripts, a second containing the triple KS transcripts, a third that
has several transcripts with adenylation and ketosynthase domains that are not one of
the four annotated transcripts from Figure 1-1. There is some resolution of the
subclusters separating the annotated transcripts from each other, but they are tightly
linked with many internal edges. The other main cluster exclusively contains acyl
carrier protein sequences from each of the transcriptomes. These differences can be
seen when viewing an alignment of the binding sites from A4. carterae for the
phosphopantetheinyl transferase that activates the thiolation domain (Figure 1-9
insert). Most of the domains have similar positively charged residues following and
negatively charged residues preceding the invariant serine that serves as the
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phosphopantetheinate attachment site. For one of the ZmakK sites, the negatively
charged residue is instead positively charged and for the acyl carrier protein there is a
methionine. The acyl carrier protein from Escherichia coli is also shown with a
methionine to show how conserved this residue is in the acyl carrier protein making
this gene easy to distinguish from other modular synthases. Thus, there is a clear
segregation of fat synthesis from other small molecule synthesis in the thiolation
domain clusters irrespective of any implied gene origin such as horizontal gene
transfer from bacteria in the case of BurA and ZmakK. This can also validate the data
to some degree as the ACP cluster contains approximately 230 sequences averaging
four per transcriptome. Amphidinium carterae has three readily identifiable acyl
carrier proteins agreeing with the expected number of sequences in the ACP cluster.
Other domains with limited clusters include the dehydratase, enoyl reductase,
and thioesterase domains (Figure 1-10). The dehydratase domains (Figure 1-10A)
form a single cluster of sequences including those from the triple-KS and ZmaK
transcripts as well as an ancillary cluster that is annotated as a “Domain of Unknown
Function” by the NCBI COG database and is similar to dehydratases involved in
tyrosine metabolism by BLAST. The low copy number of the dehydratase domain is
in contrast to the numerous enoyl reductase clusters (Figure 1-10B). Diversity is still
low with a single cluster containing the ZmakK transcript and two other clusters that
do not contain annotated transcripts but there are also many sequence fragments that

form satellite points and do not cluster. The thioesterase domain clustering (Figure 1-
10C)

45



Dehydratase

B O B @ B N

Triple-KS (Includes ZmaK
for the dehydratase)

BurA

ZmakK

Domain of Uknown Function

TeCATe

Unknown

+  Thioesterase

Figure 1-10. Protein sequence clusters of dehydratase, enoyl reductase, and thioes-

terase domains.

The clusterings of the dehydratase (A), enoyl reductase (B), and Thioesterase (C) protein
sequences are shown. All domains exhibit relatively low levels of duplication. The dehy-
dratase domain has two clusters including one of “unknown function” that is similar to amino
acid dehydratases according to the NCBI ortholog database. The enoyl reductase domain
has three clusters including ZmaK and two of unknown similarity The triple KS transcript is
found in several different clusters depending on the species. The simplest domain is thioes-
terase with clusters for the BurA, triple KS, and TeCATe transcripts from Amphidinium carter-

ae.

contains three low abundance clusters all containing annotated transcripts.
For the ketosynthase and adenylation domains the domain count was very
high with several unknown clusters (Figure 1-11), similar to the enoyl reductase
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Figure 1-11. Adenylation and Ketosynthase protein sequence clusters.

The clusterings of the adenylation (A) and ketosynthase (B) protein sequences are shown.
Both exhibit gene duplication of domains from the triple KS, BurA, and ZmaK transcripts
forming two large clusters of adenylation domains and one very dense cluster of ketosyn-
thase domains. Several clusters of unknown similarity are also apparent as well as the FabB
ketosynthase cluster that is involved in lipid synthesis and does not appear to be heavily
duplicated.

clustering but with a larger number of clusters. For the adenylation domain clustering,
(Figure 1-11A) the number of sequences was the largest with over fifteen-thousand
unique sequences. The adenylation domains from the ZmaK and BurA transcripts
were found in separate clusters but for the ketosynthase domain (Figure 1-11B) the
annotated transcripts all occupy a single cluster with poor resolution of subclusters
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and include the condensation domains from the TeCATe transcript. Both domains
produced several clusters that do not contain annotated transcripts and the
ketosynthase domains involved in fat synthesis labeled “FabB” form a distinct low
abundance cluster.

This pattern of large clusters of single domain transcripts that are similar to
domains from the annotated transcripts and very small conserved clusters of fat
synthesis genes appears to reverse for the acyl transferases and ketoreductases (Figure
1-12). Despite acyl transferases being one of the lowest abundance domains and
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Figure 1-12. Acyl transferase and ketoreductase protein sequence clusters.

The clusterings of the acyl transferase (A) and ketoreductase (B) protein sequences are
shown. Both exhibit gene duplication of apparent genes involved in fat synthesis (yellow)
with FabD for the acyl transferases (often with ankyrin domains) and the FabG gene for
ketoreductases. Other clusters include the Triple-KS genes (also including the ZmaK and
BurA ketoreductases), a separate BurA acyl transferase cluster, and several clusters of
unknown similarity.

ketoreductases one of the highest, both clusterings contain large clusters of sequences
similar to the fat synthesis genes FabD (acyl transferase) and FabG (ketoreductase).
There are small clusters of acyl transferase domains from the triple KS and BurA
transcripts with very few single domain transcripts. The cluster containing FabD like
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transcripts is quite large with many of these transcripts containing ankyrin repeats that
promote and regulate protein-protein interactions (Mosavi, Cammett, Desrosiers, &
Peng, 2004). There is also a small cluster of single domain transcripts that are not
similar to the annotated transcripts. Likewise, the large ketoreductase clusters (Figure
1-12B) demonstrate the annotated transcripts in a single cluster, three clusters that do
not contain annotated transcripts, and a final very large cluster containing the FabG
gene.

Principal components plots of the counts within each cluster (Figure 1-3B)
gave similar results to the overall domain counts with no association between toxins
produced or phylogenetic group to principal component positions. Principal
component axis 1, which accounted for 91.2% of the variance differed mainly in the
expansion of BurA-like domains with species on the left portion of the graph
possessing large numbers of BurA-like domains while those on the right had very
few. This did not correlate to intact BurA transcripts and the level of expansion was
not always consistent, e.g. that Karenia brevis was found to have 512 BurA-like
adenylation domains but only 13 BurA-like thioesterase domains (Table S1-2). In
both cases this count was much higher than other species, but not equivalent.

Phylogenetic inference was attempted on the two smallest datasets, acyl
transferases and thioesterases, to determine ancestry and compare the results to the
clustering results. The resultant trees (Supplementary files 1-1 and 1-2) had zero or
near zero bootstrap support for all major and minor branches up to the final
bifurcations indicating that determination of ancestry was not possible for these
datasets and methods. The highest scoring trees were able to replicate the clustering
results to some degree with major clades mirroring the clusters formed. Also, very
similar sequences or assembly variants were visible with high bootstrap support at the
distal branches.

Discussion

Modular Synthases are Abundant in the Core Dinoflagellates

The goal of this study was to investigate the abundance, diversity, domain
arrangement, and evolution of enzymes likely to participate in the synthesis of
dinoflagellate toxins by focusing on dinoflagellates and the synthetic domains found
consistently within dinoflagellates independent of existing model frameworks. There
is an inherent need to study these synthetic pathways since dinoflagellate toxins are
the largest known natural products with high potential toxicity (Fukatsu et al., 2007;
Sasaki et al., 1996), are synthesized using many non-canonical and interesting
chemistries (Van Wagoner et al., 2014; Wright et al., 1996), and have potential
therapeutic uses (Fukatsu et al., 2007; Javed et al., 2011), but we have very little
understanding of how they are synthesized. Based on isotopic labeling studies they
are predominantly made of acetate units incorporated by polyketide synthases (Lee et
al., 1989; Wright et al., 1996) with the occasional amino acid or other carboxylic acid
used as starter and extender units via non-ribosomal peptide synthases (Rasmussen et
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al., 2017). In both cases, a condensation reaction incorporates a chemical unit into a
growing molecule that is subsequently modified either during elongation or following
the synthesis of a large portion of the molecule (Khosla, 2009). To facilitate
discussion polyketide synthases and non-ribosomal peptide synthases were combined
into the term “modular synthases” to encompass both condensation reactions and the
general similarities of their chemistry and genetics. For polyketide synthases, the
condensation reaction is performed by a ketosynthase that usually incorporates
acetate from malonyl CoA but can also facilitate the addition of other short
carbohydrates (Moore & Hertweck, 2002) with the release of carbon dioxide. Non-
ribosomal peptide synthases use adenylation domains to pass a specific substrate,
often an amino acid, to the condensation domain with microcystin being a common
example (Fewer et al., 2007). Adenylation domains can also be found in the same
module as ketosynthases in a hybrid system as is the case for BurA and ZmakK that
participate in the synthesis of burkholderic acid in Burkholderia species and
zwittermicin in Bacillus species, respectively (Franke et al., 2012; Kevany et al.,
2009). The BurA and ZmakK synthetic pathways are also important to mention
because the module has been fragmented in their respective bacterial genomes with
separate modules occurring on distant regions of the chromosome while BurA serves
an unusual role in bridging these pathways. Due to the processive nature of these
modular synthases the pathway is generally encoded as syntenic modules and their
domains in a more or less linear fashion that can be used to predict the final product
of synthesis (Khosla et al., 2009). Although many domains can come into play in a
trans fashion (Hertweck et al., 2007), the most common trans-acting domains are acyl
transferases and thioesterases. These domains also do not need to be collinear with
other synthetic modules and have been shown to be synthetically active when whole
genomic sections have been cloned (Piel, 2002). A cursory BLAST analysis of the
published Polarella glacialis genome (Stephens et al., 2020) show that domains are
commonly found in tandem repeats of the same domain with different domains found
on different scaffolds with the exception of common multi-domain transcripts such as
the triple KS (Table S1-4).

Dinoflagellates regulate their gene expression largely post-transcriptionally
(Lidie et al., 2005; Moore & Hertweck, 2002) making linear encoding of the modular
synthase domains obsolete. Unsurprisingly, the vast majority of modular synthase
domains have been fragmented and duplicated, similar to what has been shown for
other gene families in dinoflagellates such as actin and translation initiation factors
(Bachvaroff & Place, 2008; Jones et al., 2015). In this study adenylation,
ketosynthase, and ketoreductase domains were frequently observed as single domain
transcripts, as has been observed previously (Beedessee et al., 2019; Monroe et al.,
2010; Van Dolah et al., 2017). Both single and multi-domain transcripts of modular
synthases occurred in high abundance in all core dinoflagellates and their distribution
was not correlated with taxonomy, toxicity or toxin type (Figure 1-4). This apparently
ubiquitous synthetic capacity argues that secondary metabolite synthesis is a common
feature of all core dinoflagellates, a theory supported by observations that polyketide
synthesis genes are found in species that do not produce known polyketide toxins
(Snyder et al., 2003). Similarly, the only phosphopantetheinyl transferase, the enzyme
required to activate thiolation domains and initiate secondary metabolite synthesis,
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found in all core dinoflagellates was able to activate a NRPS based reporter system
indicative of natural product rather than lipid synthesis (Williams, Bachvaroff, &
Place, 2020). This is in contrast to syndinian dinoflagellates and other alveolates that
had a much lower abundance of synthetic domains with all domains in similar
abundance (Table 1-2). This is likely due to serial duplication that is a hallmark of
core dinoflagellate evolution (Shoguchi et al., 2013) and has been shown to affect the
evolution of the synthetic pathway for saxitoxin in particular (Murray, Diwan, Orr,
Kohli, & John, 2015).

Single Domain Transcripts Exhibit Domain Specific Patterns of Duplication

Multidomain transcripts were observed in all core dinoflagellates. The triple
KS and BurA-like transcripts are more or less intact across almost all of the core
dinoflagellates and can be readily found by simple domain counting (Table S1-3) or
by looking for large transcripts with ketosynthase domains. The ZmaK-like and
TeCATe transcripts are less robust, often truncated or have missing domains but are
still readily recognizable. The BurA-like and ZmakK transcripts were horizontally
transferred from bacteria since they are largely absent in the syndiniales but are
present in a number of bacterial species as part of conserved synthetic pathways.
Although modular synthases were almost entirely absent from Amoebophyra species,
multi-domain polyketide synthases were found in Hematodinium in this study (Table
1-2) as well as another separate transcriptomics study that determined them to be
cytosolic in nature (Gornik et al., 2015). The sequence arrangement is very similar
between the 4. carterae transcriptome and Hematodinium genome polyketide
synthases. Similarly in Toxoplasma and Cryptosporidium there are multi-module PKS
genes similar to the dinoflagellate triple KS used as a model here that are theorized to
process fatty acids (Mazumdar & Striepen, 2007; Zhu et al., 2004). Dinoflagellates
are known to make many poly-unsaturated fatty acids (Leblond, Evans, & Chapman,
2003; Mansour et al., 1999) and these triple KS genes may be involved.
Hematodinium, unlike the alveolate Chromera velia and diatom Triceratium dubium,
has adenylation domains and condensation domains similar to the TeCATe transcript.
Thus, it is possible that the triple KS and TeCATe transcripts were present in some
form in the dinoflagellate common ancestor. They could either have been modified or
lost such as in the Amoebophyra species that infect dinoflagellates and parasitize
essential fatty acids from their host or kept intact in species like Hematodinium that
infects crustacean hosts not known to make the polyunsaturated fatty acids found in
dinoflagellates.

The origin of the single domain transcripts is much harder to ascertain due
simply to the sheer number of very similar sequences. Previous studies have focused
on phylogenies of adenylation and ketosynthase domains that could be annotated
using traditional nomenclature (Beedessee et al., 2019; John et al., 2008; Kohli et al.,
2016). This makes sense considering that these two domains represent the workhorse
enzymes of modular synthesis and there is precedent for the gain or loss of a domain
being diagnostic for toxicity (Kohli et al., 2015). Traditional nomenclature of
polyketide synthases, however, is largely based on whether a gene is eukaryotic or
prokaryotic and whether it is multi-domain or an assemblage of single domains, i.e.
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type I and type II (Khosla, 2009), and dinoflagellates have been shown to possess
genes similar to both eukaryotic and prokaryotic models that are both single and
multi-domain (Van Dolah et al., 2017). Therefore, this nomenclature combined with
distantly related model organisms such as humans and yeast is not very useful when
trying to unravel the mechanisms underlying dinoflagellate modular synthases.
Traditional nomenclature can also be misleading when trying to annotate sequences
since protists are notoriously under-sampled in public databases relative to yeast,
vertebrate models, and prokaryotes. In Kohli ef al. 2017 (Kohli et al., 2017), 264
ketosynthase and ketoreductase single-domain transcripts as well as 24 multi-domain
PKS transcripts were found in G. excentricus and G. polynesiensis transcriptomes
using the BLAST2GO pipeline and HMMs based on annotations from previous
studies. The present study using HMMs created from BLAST searches in A. carterae
of the aforementioned domains in known multi-domain transcripts yielded 156
additional ketosynthase and ketoreductase domains in single and multi-domain
transcripts for the same two Gambierdiscus species. More is not necessarily better,
especially when confirming predictions experimentally is still out of reach. All
possible genes could play a role in toxin synthesis ignoring bias from annotations in
model organisms since atypical chemistry for model organisms appears to be the
norm for toxin synthesis in dinoflagellates (Van Wagoner et al., 2014). This is also
true of the BurA and ZmakK genes themselves that are atypical for prokaryote
polyketide synthesis modules but appear to have been successfully transferred and
retained in dinoflagellates.

The clustering analysis is in some ways more informative than phylogeny and
annotation in that it gives an indication of the level of gene duplication for a domain
within dinoflagellates and visualizes a large number of sequences without the
preconception of a bifurcating evolution during speciation. It is also important to
include as many domain types and not focus on ketosynthases alone since the loss of
an acyl transferase or thioesterase can result in a truncated structure as hypothesized
based on chemical comparison of pinnatoxin and gymnodimine to spirolides (Van
Wagoner et al., 2014). The underlying hypothesis is that domains with sequence
similarity may perform similar functions or be involved in similar pathways since this
is often the primary constraint on evolution but neofunctionalization is also a
possibility. Thus, the clusters were colored according to the presence of domains from
the known multi-domain transcripts as a way of binning the clusters and begin to
ascertain the functions of the many single domain transcripts. One example is the
large number of these single adenylation and ketosynthase domain transcripts that are
similar to the annotated transcripts as well as some of unknown similarity (Figure 1-
11). Two reasonable explanations are that the domains themselves were serially
duplicated and fragmented from parent multidomain transcripts resulting in gene
expansion, or that there was a functional constraint forcing domains acquired by other
means as single domain transcripts to evolve convergently and form multidomain
transcripts. Possibly both are happening, e.g. gene duplication for the discrete cluster
of BurA-like adenylation domains and convergent evolution for the ZmaK-like
adenylation domains that are linked to another cluster of adenylation domains of
unknown origin. For the thiolation domains convergent evolution is more likely
considering that a single cluster encompasses domains from several different multi-
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domain transcripts while the acyl carrier proteins have their own cluster (Figure 1-9).
This would make sense considering that dinoflagellates only have between one and
three phosphopantetheinyl transferases that can activate these thiolation domains
(Williams, Bachvaroff, & Place, 2020). It is unclear if the ketosynthase domains from
the central cluster containing multi-domain transcripts are performing similar
functions and the outlying clusters are performing different functions such as chain
length factors, or if ketosynthase domains are being acquired faster than convergent
evolution is acting.

The acyl transferase and ketoreductase domain clusterings are especially
interesting as the only case where the gene for fat synthesis is present in very large
clusters with small clusters containing domains from the multi-domain transcripts
(Figure 1-12). This was first described in the Symbiodiniaceae and described as
FabD-like Trans ATs (Beedessee et al., 2019). While horizontal transfer and
duplication of entire fat synthesis gene clusters has been shown (Chan, Baglivi,
Jenkins, & Bhattacharya, 2013; Hutcheon et al., 2010), the extensive gene duplication
suggested by the data presented here for the acyl transferase and ketoreductase genes
would be unprecedented. Convergent evolution is unlikely given that fat synthesis is
usually tightly regulated and none of the other fat synthesis genes show this type of
clustering. It is possible that FabD and FabG like genes were coopted for some other
function following an initial duplication. This would also indicate that these domains
are performing a function separate from the multi-domain transcripts given that that
they almost always have intact acyl transferase or ketoreductase domains. The triple
KS is a special case here since the second ketosynthase is annotated as an acyl
transferase containing ketosynthase by the conserved domain database of NCBI and
the acyl transferase HMM only detected a domain in some transcripts but not others.
This means that a Trans-acting acyl transferase is possible for some of the triple KS
modules if the ketosynthase has lost the acyl transferase functionality, but this is
speculation given these data. In general, the acyl transferase and ketoreductase
clusters of unknown similarity were probably acquired later or gene duplication
occurred in early dinoflagellates since they are in very low abundance in the basal
species, e.g. A. carterae only has acyl transferases that are BurA-like (8 copies) and
FabD-like (10 copies) and only 2 of 31 ketoreductases are found in the unknown
cluster (Table S1-2).

The thioesterase and dehydratase clusterings paint a very different picture than
the other abundant and diverse domains as one of the few cases where the domain
count is consistently low with small clusters (Figure 1-10). There is still some gene
expansion such as the Bur-A like thioesterases in K. brevis and G. spinifera that
appear to have been duplicated along with other BurA-like domains, just to a lesser
degree (Table S1-2). This small number of thioesterases in most species indicates that
for very large toxins the number of synthetic complexes is low or that synthesis is
highly iterative since a thioesterase is usually necessary to terminate each portion of
synthesis (Khosla, 2009). However, it is important to remember that the “low
abundance” of thioesterases is a relative description since thioesterases are more than
nine fold more abundant in the core dinoflagellates than in the outgroup species
(Table 1-2). The dehydratases, like the thioesterases, are usually encountered in
multi-domain transcripts (Figure 1-3). Ketosynthase and ketoreductase domains on
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the other hand are abundant as single domain transcripts. When looking at the
chemical structure of many dinoflagellate toxins the acetate units are frequently
hydroxylated, indicating that the ketone has been modified by a ketoreductase but not
a dehydratase (Van Wagoner et al., 2014). These hydroxyls then frequently form
epoxide bonds resulting in the “zipped up” structures of brevetoxin and yessotoxin.
This makes the abundance of enoyl reductases strange since they would theoretically
act after the dehydratases to further saturate the polyketide but the enoyl reductases
are much more abundant than the dehydratases (Figure 1-10). It may be that many of
the enoyl reductases have been coopted to operate on a substrate other than
polyketides or that the dehydratases act as a chokepoint in synthesis and that their
abundance is under tighter regulation or selection pressure. Given the number of
enoyl reductase fragments (Figure 1-10B) it may also be that this gene is subject to a
much higher level of gene duplication but that not all of the transcripts are being
translated. Either way, the large number of enoyl reductases relative to dehydratases
in dinoflagellates is in stark contrast to what is frequently described in prokaryote and
fungal models where regulation of gene expression is much better understood and
domain abundance directly correlates to the structure of the final product.

The phylogenetic analyses attempted on the thioesterase and acyl transferase
domains had no bootstrap for all major nodes in spite of being able to produce clades
with similar structure to the clustering output in the highest scoring trees
(Supplementary files 1-1, 1-2). The only nodes with bootstrap support above 70%
were those containing sequence variants from a single species or assembly variants
from a single transcriptome. This is not surprising since gene copy number has made
sequence phylogeny difficult for dinoflagellates in the past (Bachvaroff & Place,
2008; Bachvaroff et al., 2014; Janouskovec et al., 2017). Also, given the amount of
horizontal gene transfer the concept of orthology become difficult to prove in general
(Keeling, 2010), and in this case a functional approach is more useful if the goal is to
extend hypothesis to biochemical characterization.

In general, there was a lack of condensation domains despite a large number
of adenylation domains in all the core dinoflagellates. Although the condensation
domains in the TeCATe transcript used to construct the HMM are similar to
canonical condensation domains it is quite possible that there are other condensation
domains not associated with multi-domain transcripts. It is certainly true that
condensation domains can have their own specificity in natural product synthesis
forming both amide and epoxide bonds without the aid of adenylation domains (Lin,
Van Lanen, & Shen, 2009). Condensation domains are unlikely to play a large role in
toxin synthesis in dinoflagellates given their almost ubiquitous use of acetate and
general lack of amino acids although the frequent use of glycolate as a starter is
conspicuous(Van Wagoner et al., 2014), and an unknown trans-acting condensation
domain may be critical in initiating toxin synthesis.
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Scaffolding Domains and Single Domain Transcripts are Associated with

Toxin Synthesis

Given their abundance, one could speculate that it is largely the single domain
genes that are responsible for toxin synthesis with multi-domain genes like the triple
KS responsible for the synthesis of poly-unsaturated fatty acids or portions of toxins
like the acyl chains. I possibly these multi-domain genes or modules within them act
on specific segments of toxin synthesis either individually or iteratively as has been
proposed several times (Beedessee et al., 2019; Kohli et al., 2015; Van Dolah et al.,
2017; Van Dolah et al., 2020). If it is mostly single domain genes involved in toxin
synthesis then the thiolation domains with tetratricopeptide repeats may be important
in scaffolding protein domains and providing reaction centers for the large complexes
necessary to synthesize toxins (Clairfeuille, Norwood, Qi, Teasdale, & Collins, 2015).
The fact that the fusion of a thiolation domain and a tetratricopeptide repeat is never
found in conjunction with another domain and only present in the core dinoflagellates
also correlates to toxin synthesis via single domain genes since none of the
syndiniales or other alveolates transcribe large polyketides except Hematodinium,
which possesses triple KS transcripts. Also, the acyl transferase domains may be
involved in their own scaffolding or reaction center bridging given the occurrence of
ankyrin repeats in many of the FabD like acyl transferase containing transcripts
(Mosavi et al., 2004). The interplay between scaffolding by thiolation domains and
reaction center bridging by trans-acting acyl transferases may be a driving force in the
evolution of modular synthesis in dinoflagellates. Specifically, the number of
acyltransferases relative to thiolation domains increases as one moves from the most
basal Gymnodiniales to the more distal Gonyaulacales (Figure 1-5). This shift is also
evident in the decrease in the mean number of thiolation domains in a transcript
(Figure 1-6). The occurrence of multiple thiolation domains in tandem within a
transcript was first observed in the K. brevis transcriptome and appears to be a
hallmark of the Gymnodiniales that include species that make sterolysins and
brevetoxin (Houdai et al., 2001; Ishida et al., 1995; Meng et al., 2010; Peng, Place,
Yoshida, Anklin, & Hamann, 2010; Van Wagoner et al., 2008)as well as the
Suessiales that can make zooxanthellatoxin and zooxanthellamide(Fukatsu et al.,
2007). Unfortunately, this is not diagnostic with many species that do not have a
described toxin such as Pelagodinium beii having a higher average thiolation domain
(1.47) than Karlodinium veneficum (1.28) that makes karlotoxin. The Gambierdiscus
species had the highest average number of thiolation domains among the
Gonyaulacales (1.58 and 1.68) that otherwise had low averages indicating that
multiple thiolation domains may be one strategy in synthesizing long polyketides
such as ciguatoxin (Satake et al., 1997). Unfortunately, many polyketides in
dinoflagellates are likely undescribed if they do not impact humans making it difficult
to correlate the synthesis of dinoflagellate polyketides to molecular results.
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Conclusion

In general, there was no overarching signal relating domain count or domain
expansion to toxin production as shown in the principal components plots (Figure 1-
4). This is largely due to the abundance of modular synthase genes among all core
dinoflagellates investigated. So, if core dinoflagellates are all making polyketides,
what is their purpose? Karlodinium veneficum is the only case where an ecological
role has been identified, i.e., prey capture (Sheng et al., 2010), but it is also the only
case where the toxin is found readily outside the cell. Another role that has been
identified is mediating redox potential in the chloroplast of Karenia brevis (Chen et
al., 2018). This helps explain why complex polyketides are found in photosynthetic
species as well as the apparent association between function and synthesis in the
chloroplast since it is a major source of redox stress. Thus, focusing on “toxin”
synthesis may not be advantageous in the long run versus understanding the modular
synthases in dinoflagellates as a whole and their biological role within dinoflagellates.
Just as subtle differences in the availability of a thioesterase or acyl transferase can
radically alter the final structure of a polyketide, assays that identify known toxins
can falsely label a species or strain as being non-toxic despite that organism making
polyketides that are only subtly different than the toxin standards.

The data presented here shows long-term evolution along the entire scope of
dinoflagellate history with the acquisition of tetratricopeptide repeats fused to
thiolation domains in the core dinoflagellates and the increase in acyl transferase
domains as a major component of the synthetic domain population, specifically the
FabD-like acyl transferases. Short-term evolution with rapid increases in the copy
number of certain domains that was first shown in Symbiodinium species (Beedessee
et al., 2019) appears to be a universal feature of dinoflagellate evolution that could
also explain why many of the larger toxins are unique to certain lineages. While it
seems like a natural progression to use molecular datasets from dinoflagellates to
make predictions about the functionality of synthetic domains, existing datasets have
been validated with species very distantly related to dinoflagellates, and protists in
general, making these predictions unlikely to be realistic. For example, the Beedessee
et al. paper from 2019(Beedessee et al., 2019) used up to date methods to predict the
substrates of adenylation domains in dinoflagellates resulting in tryptophan,
phenylalanine, and glycine. This is unlikely to be true since tryptophan and
phenylalanine are not found in described dinoflagellate natural products that would
utilize adenylation domains. Also, using the same method as the Beedessee et al.
paper to predict the substrate for the 4. carterae adenylation domain of BurA, as well
as from the original BurA sequence from Burkholderia, similarly results in
phenylalanine, but this was shown to actually be a methionine modified to a propanal
by radioisotopic labeling in the bacterium (Franke et al., 2012)
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Chapter 2: The Phosphopantetheinyl Transferases of
Dinoflagellates

Abstract

Dinoflagellates play important roles in the world’s ecosystem in carbon capture and
recycling as well as the production of polyunsaturated fatty acids. They make natural
products that can harm environmental and human health, but these products are also
possible therapeutics with chemistries that cannot currently be synthesized in the lab.
These natural products as well as lipids are synthesized in a modular fashion on one
or a series of carrier domains with each piece of the product added to the carrier and
modified in series. Results and interpretation from the previous chapter demonstrated
massive numbers of putative toxin synthesis domains in individual dinoflagellate
transcriptomes with no apparent correlation to toxin production. However, it was
evident that the thiolation domain that acts as a carrier to scaffold synthesis could be
binned into two distinct groups likely representing lipid and natural product synthesis.
The first rate-limiting step in synthesis requires the addition of the
phosphopantetheinate arm from CoA to the carrier that provides a free thiol upon
which the synthetic units are added and removed. This attachment of the
phosphopantetheine is performed by a phosphopantetheinyl transferase (PPTase) that
is usually specific for either an acyl carrier protein used in lipid synthesis or a
thiolation domain used in the synthesis of other natural products. In this study the
PPTases of dinoflagellates were enumerated, their expression patterns characterized,
and their sequence analyzed for motifs to help explain their biological roles using the
basal toxic dinoflagellate Amphidinium carterae as a model. The acyl carrier protein
expression was also characterized during a growth curve with the ultimate goal of
identifying PPTases used in lipid synthesis versus natural product synthesis. Two of
the three PPTases showed an alternating expression in a day night cycle as well as
during a growth curve with variable expression depending on the growth stage. The
final PPTase was never observed in its whole form and this PPTase was found to not
have a stop codon. Based on western blots, all three had a noticeable breakdown
product that appears to cleave between two helices rendering the protein non-
functional. None of the PPTases had an expression pattern or a chloroplast targeting
sequence like what was observed for the acyl carrier protein indicating that the role of
the PPTases in dinoflagellates may be multi-functional.
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Introduction

The 4'-Phosphopantetheinyl transferases (PPTase) are responsible for the
post-translational modification of carrier proteins in many primary and secondary
metabolic pathways (Beld et al., 2014; Lambalot et al., 1996). The carrier proteins
can be stand-alone proteins such as the bacterial acyl carrier proteins (ACP) in fatty
acid synthesis, or domains within multifunctional proteins such as the ACP or
peptidyl carrier protein (PCP) domains in polyketide synthases (PKS) and non-
ribosomal peptide synthetases (NRPS), respectively (Bentley & Bennett, 1999;
Khosla, 2009). PPTases transfer the phosphopantetheinyl group of co-substrate CoA
to a conserved serine residue in carrier proteins creating a free thiol group. The
modification of carrier proteins with the flexible phosphopantetheinyl group allows
them to shuttle acyl intermediates between domains through reversible formation of a
thioester linkage. This allows for the normally modular synthesis (Khosla et al., 2009)
of many natural products including antibiotics and polyunsaturated fatty acids
(Gurney & Thomas, 2011; Yazawa, 1996) while saturated lipids are synthesized with
the same biochemistry but in an iterative fashion with a single carrier protein
(Buhman et al., 2001; Holzl & Doérmann, 2019).

Dinoflagellates are marine protists that can be readily split into two
evolutionary groups, the basal syndiniales that are heterotrophic parasites and the
distal “core” dinoflagellates (Bachvaroff et al., 2014; Hoppenrath & Leander, 2010;
Janouskovec et al., 2017) that are frequently mixotrophic with a complex
evolutionary history with multiple chloroplast acquisitions and losses (Cavalier-
Smith, 2002; Dorrell & Howe, 2015; Ishida & Green, 2002; Janouskovec et al., 2010;
Yamada et al., 2017; Yamada et al., 2019). The photosynthetic species, like other
algae, produce many light sensing compounds, but they are also a source of many
other natural products such as the polyunsaturated fatty acid docosahexaenoic acid
(DHA) and compounds that can block ion channels associated with nerve function or
create pores in membranes containing cholesterol (Javed et al., 2011; Mansour et al.,
1999; Wang, 2008). Just as in bacteria and fungi, the majority of dinoflagellate
natural products are made in a modular fashion whereby a carboxylic acid, usually
acetic acid but sometimes other small carboxylic acids or an amino acid, is attached
to a carrier protein and chemically modified followed by another addition and
modification and so on (Bentley & Bennett, 1999; Izoré & Cryle, 2018; Jenke-
Kodama & Dittmann, 2009; Khosla et al., 2009; Khosla, 2009; Wang et al., 2014).
This is a deceptively simple means of biosynthesis, similar to protein synthesis, but
with an almost limitless number of substrate and modification combinations giving
rise to a huge diversity of compounds (Javed et al., 2011). Even when limiting the
search to dinoflagellates, many compounds have been discovered (Van Wagoner et
al., 2014), usually noticed due to their impacts on human and animal health (Twiner
et al., 2012; Walsh et al., 2015; Wang, 2008), leaving room for many more to be
discovered. As with all natural product synthesis the attachment of a
phosphopantetheinate group to the carrier protein is required to provide a labile
substrate. The PPTase that performs this operation is considered vital for life since it
acts in lipid synthesis (Beld et al., 2014). This is not true for many alveolates that
parasitize host organisms and have a limited capacity for lipid synthesis (Leblond &
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Dahmen, 2012; Mazumdar & Striepen, 2007). In general, PPTases are specific for
each pathway that they activate with some examples of generalism in natural product
synthesis (Gerc, Stanley-Wall, & Coulthurst, 2014) but always a separation of lipid
and natural product synthesis with the green alga Chlamydomonas reinhardtii being a
rare exception (Sonnenschein, Pu, Beld, & Burkart, 2016).

The goal of this study was to characterize the PPTases of dinoflagellates to
determine if they could be functionally binned into lipid and natural product synthesis
based on their sequence and expression patterns. Amphidinium carterae, a basal toxic
dinoflagellate was used as a model for sequence retrieval and for monitoring protein
expression. The three PPTase sequences from A. carterae were each placed in a
distinct dinoflagellate clade. Their protein expression was compared to the acyl
carrier protein, the lipid synthesis thiolation domain, to determine if one of the three
had a correlative expression pattern indicating a role in lipid synthesis. The results
were quite atypical with an alternating expression of two of the PPTases, both over 12
hours as well as during growth, while the final PPTase was never expressed in its full
form at all. This implies that the PPTases may not have a dedicated function and that
some copies may be redundant. This helps to explain why members of some clades
are frequently lost during dinoflagellate evolution.

Materials and Methods

Sequence collection, analysis, and construct generation

Transcriptomes of dinoflagellates species used in this study were assembled
using Trinity v2.3.2 from sequences deposited in the Community Cyberinfrastructure
for Advanced Marine Microbial Ecology Research and Analysis (CAMERA) (Sun et
al., 2011) database as described in Janouskovec et al., 2017. Amphidinium carterae
(Hulbert 1957) was used as the representative species among “core” dinoflagellates
because it is the most basal toxin producing species and has a small genome.
Candidate phosphopantetheinyl transferases (PPTases) and acyl carrier protein were
retrieved from the 4. carterae transcriptome using annotations from the BLASTX
(Altschul, Gish, Miller, Myers, & Lipman, 1990) results against the non-redundant
protein database at the National Center for Biotechnology Information (NCBI). The
three PPTase sequences were then modeled against available crystal structures for
PPTases using the protein homology/analogy recognition engine (Phyre v2.0) to
confirm the annotation based on conserved structure and residues from Beld et al.
2014. PPTases from other dinoflagellates species were retrieved using reciprocal
TBLASTX against the assembled transcriptomes with each of the A. carterae
sequences as query. A reciprocal approach was used to minimize spurious sequences
whereby the subject sequence of each search was used as a query and was kept only if
it produced the original query sequence as the top BLAST hit in its own search.
Outgroup sequences were obtained from NCBI’s Genbank from Homo sapiens and
several other fungi and bacteria known to produce secondary metabolites via
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polyketide synthases. All sequences from selected species that were annotated as
phosphopantetheinyl transferases were used as candidate sequences in initial
alignments. Trees were constructed from the resultant alignment using RAxML
v8.2.12 (Stamatakis, 2014) with a gamma distribution and invariant site estimations
using the WAG substitution model. Rapid bootstrapping was employed with 100
replicates and random seed 11111. Long branches from the resultant tree were
assessed in the alignment and removed if it was determined that the sequence was
truncated or likely to be a spurious annotation based on conserved residues. This was
done iteratively until an increase in bootstrap scores was no longer attainable.

To obtain full length sequences of the 4. carterae PPTases, primers were
designed to amplify the 5" and 3’ untranslated regions (UTRs) based on the open
reading frames of each PPTase along with the spliced leader (Lidie & Van Dolah,
2007; Zhang et al., 2007), a low variability sequence spliced onto each messenger
RNA in dinoflagellates, and a poly-T primer with a GC lock and a priming sequence
not found in the 4. carterae transcriptome (Table 2-1). RNA was

Primer Name Sequence 5’ to 3’ Length| Annealing Temp. °C
GCTTACAGTGGAGGCCCTAC

PPT1_CDSF4 § TTCCAATGGG 30 74.9

PPT2 CDSFA4 § TCCCTGCGGTGTCCAACTTCAAGCT 30 791
- TTACA '

DTR2 § CATCTTGCTAGCTCGCGATCTTGAA 31 791
GTAGTC '

Dino_SL § TCCGTAGCCATTTTGGCTCAA 21 59.5

anchoredDTR2 | CATCTTGCTAGCTCGCGATCTTGAA 55 41.9%
Q GTAGTCTTTTTTTTTITITTITTITTTITTS ’

Primers listed with an "§" were used in PCR amplification whilethose with an "¢"
were usein reverse transcription

The"anchored DTR2" annealing temperature denoted with a "*"is for the poly-T
region only.

isolated from 4. carterae cultures using Tri-reagent (Sigma Aldrich, St. Louis, MO)
according to the manufacturer’s directions and reverse transcribed using Superscript
II reverse transcriptase (Thermo Fisher) with 50 nM poly-T primer and and 5 nM of
each reverse primer from the PPTase open reading frames according to the directions
of the reverse transcriptase. Amplification of cDNA template was performed using
the Phusion high fidelity polymerase (New England Biolabs, Ipswich, MA) with final
concentrations of 1 ng/ul of template and 500 nM of forward and reverse primers for
each PPTase for each reaction. Thermal cycling conditions consisted of an initial
denaturation of 98 °C for 2 minutes followed by 35 cycles of denaturation at 95 °C for
15 seconds, annealing at 60 °C for 5’ UTR reactions and 68 °C for 3’ UTR reactions
for 20 seconds, and extension at 72 °C for 1 minute and a final polishing step at 72 °C
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for 5 minutes. This resulted in several bands when visualized on a 1% agarose gel in
0.5% TBE separated at 15 V/cm. Gel excision was performed using the Monarch Gel
Extraction kit from New England Biolabs and the bands were sequenced on an
Applied Biosystems 3130XL fragment analyzer at the Bioanalytical Services Lab
(BasLab) in Baltimore, MD. The 5’ UTR for Clade 2 and three PPTases were
sequenced confirming the spliced leader as well as the 3' UTR of the Clade 3 PPTase.
The 5' sequence of the Clade 1 and 2 PPTases were very similar and indicated that the
Clade 1 PPTase sequence started just after the spliced leader negating a need for
further sequencing. The 3’ ends of the Clade 1 and 2 PPTases were very difficult to
sequence and a BLAST analysis of the primers used against the 4. carterae
transcriptome showed many sequences with very high or identical similarity, despite
a length of twenty bases. A thirty base length primer set was designed (Table 2-1) and
the amplification and sequencing methods were attempted again resulting in 3’
sequence for both the Clade 1 and 2 PPTases. Full length sequences were deposited in
Genbank (Accession #ON157050-ON157052 for PPTase Clade 1, 2, and 3,
respectively) and used for further analyses. Predicted folding structure of each of the
PPTase 3" UTRs was performed at the Fold Web Server
(https://rna.urme.rochester.edu/RNAstructure Web/Servers/Fold/Fold.html visited
12/15/2021). Subcellular localization motifs were predicted using WolF PSORT
(https://wolfpsort.hgc.jp/ visited 02/09/2021) with the animal sequence database as
well as SignalP (https://services.healthtech.dtu.dk/service.php?SignalP-4.1 visited
02/09/2021). Ubiquitination site prediction was performed with UbiSite
(http://csb.cse.yzu.edu.tw/UbiSite/ visited 01/25/2021) using the high threshold
cutoff. Protein stability, molecular weight and PI were calculated using the ProtParam
program (https://web.expasy.org/protparam/)

The open reading frames of the three A. carterae PPTases (a stop codon was
assumed for PPTase 2) and the acyl carrier protein were used to generate protein
expression constructs using the commercial services from Genscript (Piscataway, NJ,
USA). Amino acid sequences were optimized for expression in E. coli and placed into
a pET-20b vector (Supplementary File S2-1). Epitopes were also determined and
antibodies produced in rabbits (Table 2-2) for western blotting.

Gene Epitope Molecular Weight (kD) ISOF?(ID?E:,EHC

PPTase Clade 1 CAAPQLERGEGEDLS 39.5 5.24

PPTase Clade 2 CVRQEGSLPARYEGA 39.5 7.98

PPTase Clade 3 KGDRLHYKLSKGSGC 441 6.82

ACP EEFEVDLPDEETTELKN 13.2 4.09
All sequences are from Amphidinium carterae
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Amphidinium carterae growth curve and gene expression

For diel expression of PPTases Amphidinium carterae strain NCMA 1314 was
grown axenically in L1 EH1(Berges, Franklin, & Harrison, 2004) medium without
silicate modified to have | mM HEPES and with 100 pg/ml carbenicillin, 50 pg/ml
kanamycin, and 50 pg/ml spectinomycin at 20° C and 14 hours of light at
approximately 50 pmol of photons cm-2 s-1. The culture was split into thirteen
duplicate 25 cm?2 vented flasks and a whole flask was taken at each timepoint over a
12 hour period. Starting at 6 hours before lights out a sample was taken every two
hours until 2 hours before lights out, after which a sample was taken every 30 minutes
until two hours after lights out returning to a sample every two hours. Each sample
was split into two 50 ml tubes and centrifuged at 1000 x g for 10 minutes to collect
the cells. This entire process was repeated with a new culture and samples were
takemn every 2 hours over a 24 hour period. One half of each sample was suspended
in 2x SDS PAGE loading buffer (80mM Tris pH 6.7, 2% sodium- dodecyl sulfate,
10% glycerol, ImM dithiothreitol, and 6 ppm bromophenol blue) while the other half
was suspended in Tri-Reagent (Sigma T9424). RNA was extracted from the Tri-
Reagent fraction of the 12 hour sampling according to the manufacturer and cDNA
was generated from 1 pg of total RNA using random primers (Invitrogen 48190011)
and Superscript II (Invitrogen 18064-022) according to the manufacturer’s directions.
Relative quantification of transcripts was determined using the primers in Table 2-3

PPTase gPCR Forward gPCR Reverse

Clade 1 TTGCCAGAAGCAGACAGAGA | AAGTTGGGCATACGATCTGG
Clade 2 GTGATTGGGTCGTTCTTGCT | TGGAAGGCCTCATAGAGCAT
Clade 3 TCGGCATTGATGTAGCAGAG | CATCCCCTCTAGCTTTCACG

and primers for rpl7 (Jones et al., 2015) as a normalizing control at 500 nmol and the
iTaq Supermix with ROX (Bio-Rad 1725121) according to the manufacturer’s
directions with the following thermal cycling parameters in an Applied Biosystems
7500 Fast Real Time PCR machine: Initial denaturation at 95° C for 2 minutes
followed by forty cycles of denaturation at 95° C for 15 seconds and annealing and
extension at 60° C for 30 seconds. Data was acquired during the annealing and
extension stage and the reaction was followed by a melt curve to test for spurious
products. The resultant cycle thresholds (Cts) were subtracted from a common zero
template value of 35 cycles to give inverse Cts for visualization.

Protein abundance of PPTases during diel expression was determined by
western blotting using antibodies generated by Genscript made from the epitopes
listed in Table 2-2. For each timepoint, 15 pl of samples in 2x SDS PAGE loading
buffer were loaded onto a 4-12% Bis-Tris gel (Novex NP-0323) and run in MOPS
buffer at a constant voltage of 165 for 50 minutes. Peptides used to generate the
antibodies for each other PPTase were also loaded as a negative control. The gel was
transferred onto a PVDF membrane using a Bio-Rad Trans-Blot Turbo using the high
molecular weight transfer protocol according to the manufacturer’s directions. The
blot was probed using the Novex iBind Western system with a 1:400 dilution of the
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1° antibody and a 1:400 dilution of the goat-anti rabbit HRP conjugated 2° antibody
according to the manufacturer’s protocol. The probed blot was exposed to the Bio-
Rad Clarity Western ECL substrates for 5 minutes and imaged using a Bio- Rad
ChemiDoc Touch imaging system with optimal exposure. Relative quantification of
bands was determined using Image Lab software (Bio- Rad v5.2.1).

For determining PPTase and acyl carrier protein expression during a growth
curve a 50 ml culture of 4. carterae was started in the same manner as with diel
expression profiling. Upon reaching approximately 30,000 cells/ml the culture was
diluted 1:2 every Monday, Wednesday and Friday until a volume of 1 L was reached.
The culture was then transferred into a 20 L multiport polycarbonate vessel with
aeration supplied through a 0.2 pum filter. Dilution continued every Monday,
Wednesday and Friday using sterile media without antibiotics to a volume of 18 liters
and a density of 30,000 cells/ml. pH was maintained at 7.8 + 0.2 using a pH
controller with a solenoid attached to a CO2 cylinder bubbling at a rate sufficient to
correct the pH by 0.2 units in approximately 1 minute. 500-1000 ml of high density
and low-density culture, respectively, was harvested by centrifugation at 1000 x g for
10 minutes at 4 °C on days 0,2 5, 7,9, 12, 14, 16, 19, 21, 23, and 26. Cell counts
were taken and the cell pellet was diluted in 2x SDS-PAGE sample buffer to a
concentration of 40,000 cells/ul. To generate protein standards for semi-quantitation
The E. coli BL21(DE3) cells containing pET-20b plasmids with each of the three
codon optimized PPTase sequences were grown in autoinduction media (Studier,
2005) with 100 pg/ml carbenicillin at 25 °C for three days at 250 rpm. Induced E. coli
clones were collected after protein expression by centrifugation at 10,000 x g for 15
minutes at 4 °C and the supernatant was decanted. Pellets were stored at -80 °C until
processing. Frozen pellets were suspended in 25 ml of lysis buffer containing 5 mM
imidazole, 500 mM NaCl, 25 % (v/v) glycerol and 20 mM Tris/HCI1 pH 7.5 along
with bacterial protease inhibitors (Sigma Aldrich, St. Louis MO) and thawed at 4 °C.
Cells were lysed with a French press chilled to 4 °C with 1000 PSI at the piston and
20,000 PSI at the outlet. The lysate was clarified by centrifugation at 12,000 x g for
15 minutes at 4 °C and the supernatant was treated with benzonase (Thermo Fisher)
overnight at 4 °C. The His-tagged lysate was bound to a 1 ml Hi-trap crude cobalt
column (Cytiva); washed with 25 column volumes of 5 mM Imidazole, 250 mM
NaCl, 20 mM Tris/HCI pH 7.5; and eluted into 10 separate volumes of 250 mM
Imidazole, 250 mM NaCl, 20mM Tris/HCI pH 7.5, and 12.5% glycerol using an
AKTA chromatography system (Cytiva) (Supplementary Figure S2-1). Elution
fractions were separated with 4-12% Bis-Tris gels from Novex (Thermo Fisher) in
MOPS buffer at a constant voltage of 165 V for 50 minutes and stained with Imperial
stain (Thermo Fisher) according to the manufacturer’s directions to verify protein
capture. The purified proteins were also separated by SDS-PAGE electrophoresis,
blotted, and probed in the same manner as diel expression starting with 100 nM
estimated protein followed by seven 3-fold dilutions to verify PPTase production and
establish a standard curve (Figure 2-1). This was not done for the
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Figure 2-1: Purified protein controls for western blotting

Purified protein of Amphidinium carterae phosphopantetheinyl transferases (PPTase) used
as western blotting standards are shown. The His-tagged purified proteins are shown in the
middle as a coomassie stained gel scaled to the same dimensions as the western blots.
Each western blot has a 2-fold dilution of PPTase 1 on the left and PPTase 3 on the right
with a molecular weight marker in the middle. The left blot was imaged with a PPTase 1
primary antibody while the right blot was imaged with a PPTase three primary antibody.

Clade 2 PPTase because soluble protein was not produced using this method.

A total of 100 ng purified protein for quantification purposes and 10 pl
(400,000 cells) of total protein from each growth curve time point along with a
Seeblue plus2 pre-stained ladder were separated on a 4-12% Bis-Tris gel (Novex,
Waltham, MA) in MOPS buffer at 165 V for 50 minutes for western blotting with
antibodies to each of the three PPTases and the ACP (Table 2-2). Separated proteins
were transferred to PVDF membranes using the Trans-Blot Turbo Transfer system
from BioRad (Hercules, CA) according to the manufacturer’s settings for a standard 1
mm gel. Total protein transferred was quantified using the AzureRed total protein
stain from VWR (Radnor Township, PA) and imaged on an Azure imaging system
according to the manufacturer’s protocols. Blots were blocked and exposed to
primary and secondary antibodies using the iBind system (Thermo Fisher, Waltham,
MA) with a 1:500 dilution of each primary antibody (Genscript, Piscataway, NJ) and
a 1:50,000 dilution of a horseradish peroxidase conjugated goat anti-rabbit secondary
antibody (BioRad). Westerns were imaged using the SuperSignal West Pico
chemiluminescence kit from Thermo Fisher on a BioRad ChemiDoc system with
optimal exposure and 4x4 binning. The pre-stained ladder was also imaged and the
two images merged in BioRad’s Image Lab software version 6.1.0. Bands were
identified based on relative molecular weight and quantified based on band density.
The conversion of band density to nanogram estimates was based on a comparison of
the 100 ng standard from each blot to a standard curve using 3-fold dilutions of
purified protein and a power equation describing the relationship between
concentration and band density from Attps:/www.dcode.fr/function-equation-finder
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that was modified to better fit data at lower concentrations. This was not done for the
Clade 2 PPTase since the full-size protein was never observed.

Results

Phosphopantetheinyl transferase phylogeny

A final alignment was made of phosphopantetheinyl transferases from 38
species of dinoflagellates among 45 transcriptomes including three transcriptomes
from co-infections of a core dinoflagellate and a dinoflagellate parasite of the genus
Amoebophyra, and the non- photosynthetic species Oxhyrris marina, Noctiluca
scintillans, and Crypthecodinium cohnii. Dinoflagellate sequences coded for a
predicted helical and sheet secondary structure described as a hallmark of PPTase
amino acid sequences (Beld et al., 2014). Non-dinoflagellate sequences annotated as
PPTases included Chlamydomonas eustigma (2 sequences), Chlamydomonas
reinhardtii (1 sequence), Homo sapiens (1 sequence), Phellinus noxius (3 sequences),
Sterium hirsutum (4 sequences), Punctularia strigosozonata (2 sequences),
Streptomyces venezuelae (11 sequences), Streptomyces lividans (7 sequences),
Streptomyces laurentii (1 sequence), and Streptomyces lavendulae (12 sequences).
The total alignment length was 976 characters including gaps. The resultant tree
(Figure 2-2) placed all dinoflagellate sequences (excluding Oxhyrris
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Figure 2-2: Dinoflagellate phosphopantetheinyl transferase phylogeny.

A collapsed phylogenetic tree is shown for phosphopantetheinyl transferases (PPTases) from
dinoflagellates, green algae from the genus Chlamydomonas, human, and several bacteria
and fungi. Clades have been collapsed with the size of the triangle equal to the total branch
lengths. Groupings have been color coded for functional and/or taxonomic groupings and
labeled. Shown above the tree are folding patterns and characteristics for the Amphidinium
carterae PPTases from each of the dinoflagellate clades.

marina which formed its own clade) outside of all other clades with 68% bootstrap
support (Supplementary File 2-2). Within the dinoflagellates there were three clades
with poor bootstrap support. These were arbitrarily named Clade 1 (Amphidinium
carterae sequence compl10839 c0 seql, 24% bootstrap support), Clade 2
(Amphidinium carterae sequence comp29939 c0 seql, 52% bootstrap support), and
Clade 3 (Amphidinium carterae sequence comp25404 c0 seql, 32% bootstrap
support). Using each of the representative sequences from A. carterae as a query in a
BLAST search of dinoflagellate transcriptomes resulted in the retrieval of most if not
all of each species’ PPTase sequences, indicating that the low booststrap support is
due to high sequence similarity among the PPTase clades. Removal of the
dinoflagellates lowered the bootstrap support for most outgroup clades except for the
three Chlamydomonas sequences that approximately doubled their bootstrap support
(tree not shown). Dinoflagellate Clade 3 PPTases contained all species examined
while Clade 2 and 1 contained 30 and 27, respectively. All species contained at least
two PPTase isoforms with the exception of Protoceratium reticulatum that only
contained a Clade 3 sequence despite a robust transcriptome. O. marina also only
appears to have one PPTase that was placed outside of all dinoflagellate clades. For
A. carterae PPTases, sequence comparision found 85 conserved residues with
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pairwise similarities of 39.1%, 37.7% and 45.4% for Clade 1 versus 2, Clade 1 versus
3 and Clade 2 versus 3, respectively.

Phosphopantetheinyl transferase expression patterns during growth

Over the twelve hour growth period the transcript abundance was flat for all
three PPTases as well as the ribosomal protein except for a period immediately after
lights off when the abundance of all transcripts dipped and then returned to previous
values (Figure 2-3). The protein abundance was very different with the Clade 1

PPTase Relative Transcript Abundance

12

Inverse = rpl7
Ct PPT1
8 PPT2
—PPT3

-6 -4 -2 -1.5 -1 -0.5 0 0.5 1 1.5 2 4

Time Relative to Lights Out

Figure 2-3: Amphidinium carterae transcript abundances over a 12-hour period.
Transcript abundances based on qPCR for four Amphidinium carterae genes are shown over
a 12 hour period as an inverse cycle threshold (Ct) on the Y-axis and time relative to incubator
lights out on the X-axis. The genes are ribosomal protein 17 as a broken line, Clade 1
phosphopantetheinyl transferase (PPTase) as a light gray line, Clade 2 PPTase as a dark gray
line, and Clade 3 PPTase as a black line. The graph is shaded on the right side to indicate
lights off.

PPTase showing peak expression when the lights turn off and no expression at the
first two time points whereas Clade 3 was only expressed at the first two time points.
The Clade 2 PPTase is expressed at all time points with a similar pattern to PPTase 1
but only as a small band (Figure 2-4). All three PPTases showed this lower sized band
at
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Figure 2-4: Amphidinium carterae protein abundances over a 12-hour period.

Relative Protein abundances based on western blotting for three Amphidinium carterae
phosphopantetheinyl transferases (PPTases) are shown over a 12 hour period as a percent of
the darkest band on the Y-axis and time relative to incubator lights out on the X-axis. The
Clade 1 and 3 PPTases are shown as a light gray and black bar, respectively, and represent
the full sized band. Clade 2, highlighted with a “*” is shown as a dark gray bar but is the lower
band common to all three PPTases.

various time points, including the Clade 3 PPTase following a loss of the full sized
band in the first diel experiment (Figure 2-5). The expression patterns also differed
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Figure 2-5: Amphidinium carterae protein abundances over a 12-hour period in repli-

cates cultures.

Western blots for three Amphidinium carterae phosphopantetheinyl transferases (PPTases)
are shown over a 12 hour period. The top two westerns are from the first diel experiment with
the Clade 1 phosphopantetheinyl transferase (PPTase) antibody on the left and Clade 3 on the
right. The middle panel shows the Clade 2 antibody for the first diel. The bottom two panels
are from the second diel experiment also with Clade 1 and 3 PPTase antibodies. The expected
size in marked by a black box in all images. For the images where the expected size is not
apparent, recombinant protein is used to show the full size.

between the first and second replicates with a near total loss of the Clade 1 PPTase
full sized band in the second experiment as well as the appearance of several novel
partial bands for the Clade 3 PPTase. This lower band of approximately 21 kD
corresponds to the portion of the PPTase following the final conserved helix (Figure
2-6) as described in (Beld et al., 2014).
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Figure 2-6: C-terminal alignment of the theoretical cleaved portion of Amphidinium
carterae phosphopantetheinyl transferases.

The three Amphidinium carterae PPTases are shown at the top with purple indicating the
anitbody epitope, red indicating the helix expected to be retained, and yellow indicating the
beta sheet following the expected cleavage site based on the size of the lower band in west-
ern blots of A. carterae cultures. The alignment below starts with the conserved helix
sequence marked with a red box followed by a short disordered region and then the beginning
of the beta sheet.

Cell counts for the growth curve demonstrate sampling at the transition from
lag to log phase at day 0 through log phase until day 16 and into stationary phase
(Figure 2-7). The cell counts ranged from approximately 30,000 cells/ml to 145,000
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Figure 2-7: Amphidinium carterae growth curve cell counts and protein quantities
The graph shows the growth and protein measurements for an axenic Amphidinium carter-
ae culture with CO2 addition. The cell counts (blue line) and total protein (red line) are
shown as a percent of maximum on the left Y-axis while the western blot quantifications for
the acyl carrier protein (ACP, purple) as well as the clade one and three PPTases (P1 blue,
P3 green, respectively) are shown on the right Y-xaxis as an estimate of protein in ng/400k
cells. The day of growth for each sample is shown on the X-axis

cells/ml with pH maintained at 7.8 + 0.2. Total protein per 400,000 cell aliquot rose
throughout log phase but then dropped upon entry into stationary phase. The acyl
carrier protein expression seemed to have an opposite trend with a reduction upon
entry into log phase, followed by an increase prior to entry into stationary phase and
then a plateau. The Clade 1 and 3 PPTases seemed to have opposing expression Clade
3 expression giving way to stable Clade 1 expression, followed by an absence of
Clade 1 and high expression of Clade 3 on day 14, and finally a short period of Clade
1 expression followed by Clade 3 expression. There were six time points where both
the Clade 1 and 3 PPTases were expressed: days 0, 2, 9, 14, 19, and 21; and on day 16
neither were expressed. The Clade 2 PPTase was again never observed in its whole
form and the same breakdown products were observed as during the diel growth
experiments (Figure 2-8).
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Figure 2-8: Amphidinium carterae protein quantities during growth
The upper pane (A) shows the 3-fold dilutions of the clade one and three phosphopanteth-
einyl transferases (PPTases) as well as the acyl carrier protein starting at 100 nM. The
lower pane (B) shows the protein quantities of the clade one, two, and three PPTases as
well as the acyl carrier protein. Each of the timepoints is labeled at the top of the pane with
a “D” prefix for the day following CO2 control of pH. The left band is the 100 nM recombi-
nant protein followed by the size of the band and finally the band images.

Phosphopantetheinyl transferase and acyl carrier protein sequence analysis

The 5" and 3" ends of all three Amphidinium carterae PPTases were
successfully sequenced with evidence of the spliced leader in all sequences. the Clade
2 PPTase does not appear to have a stop codon while Clades 1 and 3 have a canonical
dinoflagellate open reading frame (Genbank accession numbers ON157050-
ON157050). The 5" ends of all three PPTases are similar in length (51, 50 and 56
bases for Clade 1, 2 and 3, respectively), but the 3’ ends are different between Clade 1
and 2 compared to 3 with Clade 3 having the longest 3’ untranslated region (UTR).
The ten bases before and after the Clade 1 PPTase stop codon are 86% similar to the
same position in the Clade 2 sequence, and if a stop codon is assumed in the Clade 2
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PPTase the resultant 3" UTR is very similar in folding structure to the Clade 1 UTR
compared to the Clade 3 UTR, although with greater free energy (Figure 2-9).

Clade One PPTase Clade Two PPTase Clade Three PPTase

Figure 2-9: Folding structure of the Amphidinium carterae phosphopantetheinyl
transferase 3’ untranslated regions

The 2-dimensionally rendered folding structure of the 3’ untranslated regions from the
Amphidinium carterae phosphopantetheinyl transaferases are shown. The colors indicaten
the relative free energy of each nucleotide from low in blue to high in red. Stem regions rich
in guanidine and thymidine nucleotides are highlighted with a black bar.

SignalP as well as WolF PSORT did not detect localization signals for the
three PPTases except for a weak cytoplasmic signal for the Clade 3 sequence whereas
the acyl carrier protein sequence used here (ACP) has a strong chloroplast target
sequence (Table 2-4). Ubiquitination sites were evident for all three PPTases

Gene SignalP mean WolfP Ubiquitination Stability
PPTase 1 0.1112 cytoplasm 4, 0.55, 0.51 60.73,
plastid 3 unstable
PPTase 2 0.131 cytoplasm 6, 0.52, 0.53, 52.67,
plastid 4 0.65, 0.56 unstable
PPTase 3 0.1112 cytoplasm 8, 0.60, 0.53, | 38.05, stable
plastid 4 0.70, 0.59
ACP 0.782 cytoplasm 3, | not analyzed | not analyzed
plastid 10

with the clade 3 PPTase yielding the highest score and with multiple sites detected on
every PPTase. The clade 3 PPTase was also the only protein predicted to be stable.
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Discussion

The three dinoflagellate clades

The dinoflagellate phosphopantetheinyl transferases (PPTases) uncovered in
this study are not similar to any of the outgroup species (Figure 2-2). The idea that
lipid and natural product synthesis are easily differentiated on a sequence basis in all
of life is somewhat biased considering that a small number of prokaryotes and
eukaryotes have been studied. Fungi and a few Orders of bacteria have received the
lion’s share of attention in terms of natural product research because they make many
of the compounds that we recognize and use (Jensen, 2016). Even though the
underlying chemistries are similar with regards to natural product synthesis and the
activation of carrier domains by PPTases, the fact is that protists are different
(Sonnenschein et al., 2016; Zhu et al., 2004). What’s especially intriguing with
dinoflagellates are the seemingly random losses of PPTases throughout their
evolution. It’s difficult to tell if the roles of the PPTases are truly overlapping or if
novel functionality has been acquired in certain lineages resulting in the loss of now
redundant copies. Protoceratium reticulatum only has the Clade 3 copy and is
obviously able to make lipids but additionally has a full complement of the genes to
make other natural products (Williams et al., 2021). Is this a unique example or the
result of the biology common to all dinoflagellates?

Many species have multiple copies within a clade (Supplementary file 2-2)
indicating that the PPTases themselves can be duplicated and retained as with many
other dinoflagellate genes (Bachvaroff & Place, 2008; Shoguchi et al., 2013; Stephens
et al., 2020). Oxyrrhis marina has a single copy and is outside the dinoflagellate clade
hinting at the idea that the common ancestor of core dinoflagellates only had one
copy. O. marina is in many ways quite strange and may not represent core
dinoflagellates very well (Montagnes et al., 2011). Still, it begs the question, if
syndinian dinoflagellates don’t have any PPTases then where did the core
dinoflagellates get theirs? Horizontal gene transfer is one option and there are many
examples of horizontally transferred gens in dinoflagellates (Wisecaver et al., 2013).
This gene may have been acquired from the environment, but a likely suspect is the
chloroplast. Transfer of genes from a plastid to the nucleus is a common means of
horizontal gene transfer in dinoflagellates as well as in other stramenopiles and
alveolates, whether or not the plastid has been retained during evolution
(Hehenberger et al., 2019; Janouskovec et al., 2010; Keeling, 2010; Nosenko et al.,
2006). If PPTases were acquired simultaneously with lipid and natural product
synthesis then PPTase evolution in dinoflagellates may be on an entirely different
trajectory from model bacteria and fungi where lipid synthesis was already present
and natural product synthesis evolved separately.

The biology of phosphopantetheinyl transferases in Amphidinium carterae

A quick comparison of PPTase transcript and protein abundance reaffirms the
observation that dinoflagellates regulate gene expression post-transcriptionally with
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little correlation between transcript and protein abundance (Figs. 2-3, 2-4) (Fagan et
al., 1999; Lidie et al., 2005; Morse et al., 1989). The dip in transcript abundance just
after lights out likely correlates with the synthesis of new DNA just prior to cell
division that would inhibit the transcription of new RNA. Strikingly, there are major
portions of this same time period where the Clade 3 PPTase protein is not observed
meaning that a transcript is made without a protein product expressed. This does not
appear to be degradation since neither the full form nor the partial form are visible.
The same is true of the Clade 1 PPTase that is not present in its full form at the early
time points but the breakdown product is visible (Figure 2-5). It was in an effort to
prove this disappearance that the diel experiment was repeated. At first glance the diel
expression in the initial experiment seems reasonable with the Clade 3 PPTase
lowering in expression near the end of the day while the Clade 1 PPTase peaks at
lights out indicating that one could participate in natural product synthesis while the
other performs lipid synthesis, mediated by the circadian cycle. The replicated
experiment showed a very different result with almost no evidence for the full form of
either PPTase at any time point (Figure 2-5). There was also evidence for sporadic or
low-level expression of the Clade 3 PPTase with a few lower bands visible at some
time points. The regulation of these PPTases appears to be dynamic and even linked.
During the growth curve the Clade 1 and 3 PPTases again show an alternating
expression pattern with one increasing while the other decreases (Figure 2-6) pointing
to a feedback loop with the two PPTases influencing each other’s expression. The
three PPTases also appear to have a common mechanism for inactivation via the
cleavage of the C-terminus resulting in the observed lower band (Figure 2-7). The
expression of the PPTases seems to be totally unrelated to acyl carrier protein
expression at first glance since the acyl carrier protein increases steadily in expression
during log phase and then plateaus during the entrance into stationary phase. When
the acyl carrier protein expression is maximal at day 16 neither of the PPTases are
observed. The acyl carrier protein could be subtly informing the expression of the
PPTases since in other systems the acyl carrier protein is always observed in the
phosphopantetheinated form (Flugel, Hwangbo, Lambalot, Cronan, & Walsh, 2000)
meaning that the total acyl carrier protein expression isn’t what’s important but rather
the portion that isn’t phosphopantetheinated. Either way, the expression patterns of
the PPTases appear to be quite dynamic but do not appear to be related to the
synthesis of lipids or natural products in any specific manner.

The Clade 2 PPTase is quite strange with a full protein not observed in any
portion of this study (Figs. 2-5,8). This is likely due to the absence of a stop codon
but it still doesn’t explain why this protein is expressed at all. Both the Clade 1 and 2
PPTases appear to have similar stem loop structures in the 3' UTR with stretches of
guanine and thymine residues in the stem that have been previously associated with
circadian expression patterns (Figure 2-9) (Fagan et al., 1999; Lapointe & Morse,
2008). While the expression of the Clade 1 PPTase is obviously more complicated
than simple circadian expression, the multitude of circadian expressed genes in
dinoflagellates (Akimoto, Wu, Kinumi, & Ohmiya, 2004) and the expression of the
seemingly non-functional Clade 2 PPTase raises the question of the biological role of
the constant expression and degradation of dinoflagellate proteins. An idea proposed
by Woody Hastings was that this is a way of recycling nitrogen (Hastings, 2013). The
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fact that constant protein recycling is observed in a critical gene such as a PPTase
demonstrates how widespread this biological phenomenon may be in dinoflagellates
and points to the importance of looking at protein expression over multiple time
points when characterizing dinoflagellate genes.

Conclusion

The phosphopantetheinyl transferases of dinoflagellates are quite atypical with
multiple gains and losses through their evolutionary history that do not correlate with
a biological process. Likewise, the expression patterns of either the Clade 1 or 3
PPTases do not correlate with the expression of the acyl carrier protein furthering the
notion that the functional segregation of PPTases that has been the canon in bacteria
and fungi does not apply in dinoflagellates. In some ways dinoflagellates are unique
with regards to how often horizontal gene transfer is observed. Thus, it may not be
surprising that the evolution of PPTases is dinoflagellates breaks the norms. In order
to investigate this further the PPTases themselves need to be assessed for their
function with regards to the acyl carrier protein. If there is a functional constraint,
then one could expect one or more PPTase to be selectively functional for this
essential carrier protein. Also, a broader survey into the PPTases of other
photosynthetic algae, especially the likely origins of dinoflagellate chloroplasts may
shed light on how these enzymes function in the broader evolutionary sense. After all,
fungi are quite distantly related to dinoflagellates and there isn’t a very good
framework for protist biology to make these kinds of comparisons. This work will
hopefully contribute to our understanding of dinoflagellate PPTases by demonstrating
just how different they are from other organisms.
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Chapter 3: In-vivo and /n vitro Binding Assays with
Dinoflagellate Thiolation Domains

Abstract

Photosynthetic dinoflagellates synthesize many toxic but also potential
therapeutic compounds therapeutics via polyketide/non-ribosomal peptide synthesis, a
common means of producing natural products in bacteria and fungi. Although
canonical genes are identifiable in dinoflagellate transcriptomes, the biosynthetic
pathways are obfuscated by high copy numbers and fractured synteny. This study
focuses on the carrier domains that scaffold natural product synthesis (thiolation
domains) and the phosphopantetheinyl transferases (PPTases) that thiolate these
carriers. We replaced the thiolation domain of the indigoidine producing BpsA gene
from the bacterium Streptomyces lavendulae with those of three multidomain
dinoflagellate transcripts and coexpressed these constructs with each of three
dinoflagellate PPTases looking for specific pairings that would identify distinct
pathways. These protein products were also purified from E. coli or synthesized to
perform the same assays in vitro. Successful interactions were measured indirectly by
the production of indigoidine or indirectly by quantifying the amount of
phosphopantetheinate added to the thiolation domain by each transferase.
Unsurprisingly, several of the dinoflagellate thiolation domains when incorporated
reduced or removed the ability of the bacterial reporter to synthesize indigoidine
despite being successfully phosphopantetheinated. What was surprising was that all
the transferases were able to phosphopantetheinate all the thiolation domains nearly
equally, defying the canon that each transferase is specific for a single process via
binding specificity. The broad substrate recognition shown here help explain why
phosphopantetheinyl transferases are lost throughout dinoflagellate evolution without
a loss in a biochemical process but also how new thiolation domains seem to be
acquired through horizontal gene transfer and retained in evolutionary lineages. It is
also hoped that the techniques presented here will be used to validate other functional
assignments where gene copy number is an issue.

Introduction

Dinoflagellates make a variety of natural products that have largely been
identified based on their impact to human and animal health (Deeds, Terlizzi, Adolf,
Stoecker, & Place, 2002; Twiner et al., 2012; Walsh et al., 2015; Wang, 2008). The
actual biological and/or ecological roles are largely unknown and require further
study. The exceptions include karlotoxin, the only toxin known to be actively released
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from the cell for prey capture and predator avoidance (Adolf et al., 2007; Sheng et al.,
2010), and brevetoxin that likely functions as an indicator of redox state in the
chloroplast (Chen et al., 2018; Colon et al., 2021). This functional knowledge gap is
exacerbated by a lack of a biosynthetic framework that would allow a more thorough
cataloging of the natural products produced by dinoflagellates as well as insights into
their evolution.

Natural product synthesis has been extensively studied in bacteria and fungi
yielding a mechanistic framework that operates as a series of modules with repeated
chemistries followed by some modifications resulting in the final molecule.
Essentially, small carboxylic acids are added to the thiol end of a
phosphopantetheinate group attached to the serine of a carrier protein (Beld et al.,
2014) via a condensation reaction that releases either carbon dioxide or water with
prior activation by ATP (Bentley & Bennett, 1999; Khosla, 2009; Sieber & Marahiel,
2005). These building blocks are then modified by subsequent reduction, methylation,
carbon deletion, and other rarer reactions before the next carboxylic acid is added. In
general these are added by genetic modules comprised of single proteins with
multiple functional domains or multiple cis-acting proteins brought together to form
an enzymatic complex, although trans-acting elements are not uncommon (Khosla et
al., 2009; Rausch et al., 2007; Wang et al., 2014) and substrates from multiple
pathways can be combined (Franke et al., 2012; Kevany et al., 2009).

Research into the biosynthesis of many natural products has relied heavily on
the fact that gene arrangement is strongly predictive of a given natural product’s final
structure. Unfortunately, dinoflagellate genomes are large and heavily duplicated
(Bachvaroff & Place, 2008), although mass spectrometry and NMR have been able to
readily identify that dinoflagellate toxins have the hallmarks of classic natural product
synthesis (Fukatsu et al., 2007; Ishida et al., 1995; Meng et al., 2010; Peng et al.,
2010; Sasaki et al., 1996; Satake et al., 1997; Seki et al., 1995; Van Wagoner et al.,
2008; Van Wagoner et al., 2010; Wright et al., 1996), with some exceptions (Van
Wagoner et al., 2014). Investigations into genes potentially involved in toxin
synthesis have had some success (Beedessee et al., 2020; Snyder et al., 2003; Verma
et al., 2019), most notably in the separation of genes involved in natural product
synthesis from the analogous synthesis of lipids (Kohli et al., 2015; Kohli et al., 2016;
Meyer et al., 2015; Van Dolah et al., 2017) and the identification of multi-domain
genes (Bachvaroff, Williams, Jagus, & Place, 2015; Kohli et al., 2017; Van Dolah et
al., 2020). These multi-domain genes can then be used to further bin single domain
genes into functional groups, although from here the waters get quite muddy with
uneven gene copy numbers and the unprecedented duplication of genes related to
lipid synthesis (Williams et al., 2021). Thus, in many ways sequence analysis has
reached its limits in its ability to shed light on the synthesis of dinoflagellate natural
products.

The aim of this project is to extend the current sequence-based knowledge into
a biochemical based understanding of natural product synthesis by expressing
dinoflagellate proteins in a heterologous system. An attractive target is the carrier
protein called the thiolation domain that is activated by the attachment of the
phosphopantetheinate group of Coenzyme A by a phosphopantetheinyl transferase
(PPTase) creating a free thiol moiety. This is the first rate limiting step in natural
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product synthesis and provides the substrate upon which the actual anabolism is
performed by all of the catalytic enzymes. Generally, the activation of a thiolation
domain by any phosphopantetheinyl transferase is highly specific and separates
specific biosynthetic pathways, although the actual transfer of a phosphopantetheinyl
group is not required for recognition of the transferase to a thiolation domain
(Bunkoczi et al., 2007). The thiolation domains of dinoflagellates can be readily
separated into two main groups indicative of lipids and natural products (Williams et
al., 2021). Although the number of thiolation domains can number above one-
hundred, the number of phosphopantetheinyl transferase activators is no more than
three (Williams, Bachvaroff, & Place, 2020). Thiolation domain activation will be
tracked using the blue pigment synthesizing agent (BpsA gene) from Streptomyces
lavendulae (Takahashi et al., 2007). This single gene contains several domains,
including the essential thiolation domain, that coordinately produce the blue dye
indigoidine. It has been previously used to differentiate lipid type and natural product
type PPTases because its thiolation domain is naturally recognized by PPTases that
act in natural product synthesis (Owen, Copp, & Ackerley, 2011). The rationale is
that if a given dinoflagellate PPTase can activate the thiolation domain of the BpsA
reporter then indigoidine will be produced. This pairing of activator and thiolation
domain is a common method for determining specificity (Geerlof, Lewendon, &
Shaw, 1999; Murugan, Kong, Sun, Rao, & Liang, 2010) and has been performed in
some protists with a surprising promiscuity not found in bacteria and fungi (Cai,
Herschap, & Zhu, 2005; Sonnenschein et al., 2016). This study advances previous
work by replacing the thiolation domain of the BpsA reporter with several different
dinoflagellate sequences to allow for the pairing of each activator with a multitude of
potential phosphopantetheination sites. Although the integration of dinoflagellate
sequence into the bacterially derived reporter was largely successful, some of the
thiolation domains disrupted the activity of the BpsA gene necessitating additional
assays that could directly detect phosphopantetheination. Also, the acyl carrier protein
could not be expressed in E. coli and instead was synthesized in vitro and assessed
directly for phosphopantetheination. All of the thiolation domains used, including the
acyl carrier protein could be phosphopantetheinated by all the PPTases, calling into
question the canon that PPTases are the gatekeepers for different pathways in
dinoflagellates.

Materials and Methods

BpsA reporter modification and use

The BpsA reporter described in Owen ef al. 2011 was kindly obtained from
the Ackerley lab at the University of Victoria in Wellington New Zealand. The region
encompassing the thiolation domain was amplified with the primers “BpsA_outF2”
and “BpsA_outR2” listed in Table 1 at 500 nm final concentration and 10 pg of
vector template using the Phusion high fidelity polymerase (New England Biolabs,
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Cambridge MA) as follows: Initial denaturation at 98 °C for 2'; followed by 40 cycles
of denaturation at 95 °C for 15 seconds, annealing at 58 °C for 20", and extension at
72 °C for 1' 30"; and polishing at 72 °C for 5'. The amplified product, termed
“BpsA_insert0” was purified and sequenced at the BioAnalytical Services Laboratory
(BASIab) at the Institute for Marine and Environmental Science on an Applied
Biosystems 3130 XL. This sequence was used to design the remaining primers in
Table 1 to insert a HindIII site in the 3’ end of the thiolation domain and an AfIII site
in the 5’ end as described in the primer name. The insertions result in the shift of
arginine to a lysine at the HindIII site.

The HindIII and AflII sites were incorporated into the vector in a two-stage
process. First the HindlIII site was created via two amplifications using “BpsA_outF2”
with “BpsA_hindiiiR2” and “BpsA_outR2” with “BpsA_hindiiiF2” with the same
reaction conditions as the thiolation domain amplification. The resultant products
were purified using a DNA Clean and Concentrate-5 kit from Zymo research (Irvine
CA) and eluted into 10ul of distilled deionized water. Approximately 2.5 pg or
product was digested with the HindIII-HF restriction enzyme from New England
Biolabs for four hours at 37 °C, separated on an ethidium bromide impregnated 1%
agarose gel in 0.5X TBE at 15 V/cm for 50 minutes, excised under ultraviolet
illumination, and purified using a Monarch DNA Gel Extraction kit from New
England Biolabs as directed. The two digested fragments were then combined and
ligated using a T4 ligase from Promega (Hercules CA) overnight at 18 °C. This
product was then used as template for the second stage amplification using primers
“BpsA_outF2” with “BpsA_afliiR2” and “BpsA_outR2” with “BspA_afliiF2” using
the same conditions as the HindIlII site amplification. This was purified, digested with
AfIII restriction enzyme from New England Biolabs, agarose gel purified, and
combined and ligated in the same manner as the HindIII products resulting in
“BpsA_insert]l” (Supplementary File 3-1, Figure 3-1).
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Figure 3-1: A modification of the BpsA to allow the insertion of dinoflagellate thiolation

domain sequences.
Shown above is the BpsA gene from Streptomyces lavendulae originally published in Taka-

hashi et al. 2007 showing each of the domains with the thiolation domain marked with a “T”.
The region surrounded by a blue box is expanded in the bottom showing the thiolation domain
and the phosphopantetheinate transferase binding site as red boxes. The existing Notl and
Fspl restriction as well as the introduced Aflll and Hindlll sites are shown in red text. The
primers used to islolate this region and attach the novel restriction sites are shown as green
arrows above with the primer direction indicated by the arrow direction.

BpsA _insert] was amplified using the same conditions as the original
thiolation domain and purified using the DNA Clean and Concentrate-5 kit. This
product as well as the original BpsA vector were double digested with the Notl-HF
and Fspl restriction enzymes from New England Biolabs at 37 °C overnight in
cutsmart buffer followed by agarose gel purification and ligation as with the HindIII
and AfIIl amplicons resulting in the BpsA2.1 vector. This was amplified using the
Templiphi 100 kit from Cytiva and cloned into E. coli IM109 from Promega
according to the manufacturer's directions. A selection of the resultant colonies was
grown and the plasmid extracted for co-expression in BL21(DE3) cells with each of
the PPTases from Amphidinium carterae as well as PcpS from Pseudomonas
aeruginosa as a positive control to confirm the retained activity of the modified BpsA

reporter (Figure 3-2).
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Figure 3-2: Coexpression of PPTases with the BpsA reporter.

Indigoidine production is shown as an absorbance at 590 nm on the Y-axis for the coexpres-
sion of each of the three Amphidinium carterae as well as PcpS from Pseudomonas aerugino-

sa with the BpsA reporter. Error bars represent standard deviation from triplicate liquid
cultures.

Insertion of dinoflagellate thiolation domains and co-expression in E. coli

The natural product associated thiolation domains (Williams et al., 2021) in

three multi-domain transcripts (Figure 3-3) (Bachvaroff, Williams, Jagus, & Place,
2015; Kohli et al., 2017; Van Dolah et al., 2017) from A. carterae were chosen for
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Figure 3-3: Domain arrangement of A. carterae transcripts containing thiolation
domains used in this study.

Individual modular synthase domains are shown at the top with example products for their
reaction. In addition Adenylation (A) and FSH1 serine hydrolases (FSH1) are shown for the
multi-domain transcripts with examples of potential products included. The phosphopanteth-
einate group is shown as “P~P” with a single bind to a sulfur. “SL” refers to the dinoflagel-
late spliced leader sequence and is present if a spliced leader sequence has been verified.

complementation in E. coli with the three 4. carterae phosphopantetheinyl
transferases (PPTases) that could activate them (Figure 3-4). These were termed
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Figure 3-4: A mechanism of phosphopantetheination and the dinoflagellate thiolation
domains used in this study.

A) A diagram of the phosphopantetheination reaction from Finking et al. 2002 showing the
phosphopantetheinate arm of coenzyme A attachment to the serine of a carrier protei or
domain resulting in a free thiol group (red circle). B) The amino acid sequences of the thiola-
tion domains from A. carterae used in this study except those marked with a “*” that are from
the S. lavendulae isolated BpsA gene and the acyl carrier protein (ACP) from E. coli. Sequenc-
es above the line are theorized to be involved in natural product synthesis while those below
the line are for lipid synthesis. C) The predicted foiding for the three phosphopantetheinate
transferases from A. carterae.

“3KS” for the three ketosynthase domains present, “BurA” for its similarity in
sequence and domain arrangement to the BurA gene in Burkholderia species (Franke
et al., 2012), and “ZmaK” for the sequence similarity of the dinoflagellate
adenylation domain in this transcript to the Bacillus cereus adenylation domain in the
ZmaK cluster (Kevany et al., 2009). Each individual thiolation domain was named
according to the transcript it was derived from followed by a numeral indicating the
order from 5’ to 3’ in the transcript, e.g., “3KS3” would be the third thiolation domain
in the three ketosynthase domain containing transcript. The PPTase binding site
amino acid sequence (Table 3-1) of each thiolation domain was codon optimized

85



Primers
Primer Name Sequence 5”:3’ Length |Annealing ° C
BpsA outF2 | TCCAGCACCTGATGATGAAC 20 58.4
BpsA outR2 | CTGGATGCCGTAGAACGAG 19 59.5
. |GACGCCAAGCTTCGCGTTGAGCTCGCGGAC
BpsANndiiRT | - A GGCCGACGGCGATCAGCGA o1 911
| CAACGCGAAGCTTGGCGTCTCCCTGCCGCTG
BpsANindiiiF1 | -\ GAGCGTCCTGGAGTCC 49 89.6
— |cTCGCGCTTAAGGGCCTTCTCCCAGACCGCC
BpsAafliRT | G cGATCTCCTTCTCOGT 48 88.5
| AGAAGGCCCTTAAGCGCGAGAACGCCTCCGT
BpsAafliF1 | 5 cAGGACGACTTCTTCG 48 86.4
Inserts
Insert Name Sequence 5":3’ Binding S',te Amino
Acid
3KS 1 (TaégceGGCATGGACTCAAAAGCAGCCCTTGT £SG MDSKAALVL
sks.» |GAATTGGGCTTAGATTCTTTGTCCGGOGTTGA | i o ne sover
ATTT
3KS. 3 g?ﬁGCGGAATTGATTCCTTGTCTGCAGTAGA ESGIDSLSAVEF
sks 4 |GAGAGTGGCATGGACTCATTATCTGCCGTCGA|  cooiine saver
GTTT
GCT TCA GGT GCA GAA TCT ATC GCT GTC
BurA 1 | 270 Lo ASGAESIAWGY
CAATTA GGA TTA GAC AGC TTG GAA ACC
Bura2 X0 0 QLGLDSLETVQL
GAA ATC GGT GGG CAC TCG CTG TTA GCA
ZmaK 1 | L o EIGGHSLLAMKL
GAT GCC GGG TTA GAT AGC TTATCC TTA
Zmak 2 | 2T DAGLDSLSLISL
5'Linker T |AGAAGGCCCTTAAGCGCGAGAACGCCTCCGTCCAGGACGACTTCTTC
3’ Linker f |GTCCGCGAGCTCAACGCGAAGCTTGGCGTCTCCCTGCCGCTG

"1" denotes common linkers to all other inserts and were placed at the 5 and 3’

ends during synthesis as indicated

The "3KS_1" sequence shown in bolded italics is the wild type sequeence included

to ensure consistent insert size

for expression in E. coli and ordered as an oligonucleotide from Integrated DNA
Technologies. Each oligonucleotide was synthesized with common linker sequences
containing the AfIII and HindlIII restriction sites in the BpsA2.1 plasmid, one for the
5" end and one for the 3’ end (Table 3-1). Thus, each oligonucleotide consisted of the
5" linker followed by the unique thiolation domain sequence and then the 3’ linker.
For each thiolation domain, the synthetic oligonucleotide as well as the
BpsA2.1 plasmid were double digested with HindIII and AfIII overnight at 37 °C in
cutsmart buffer followed by agarose gel purification using a Monarch DNA Gel
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Extraction kit from New England Biolabs. The cut insert and plasmid were combined
and ligated with a T4 ligase (Promega) at 18 °C overnight. Each ligated plasmid was
amplified with the Templiphi 100 kit from Cytiva and cloned into E. coli IM109 from
Promega according to the manufacturer's directions. JIM109 clones were sequenced to
verify the presence of the dinoflagellate insert in the plasmid followed by alkaline
extraction (Sambrook, Fritsch, & Maniatis, 1989). Plasmids were then cloned into
chemically competent BL21(DE3) E. coli (Thermo Fisher) along with one of the
three PPTase activators (Figure 3-4) from 4. carterae in a separate pET-20b plasmid
according to the directions for the competent cells and plated onto LB agar containing
100 pg/ml carbenicillin and 50 pg/ml spectinomycin at 37 °C. Additionally, each
PPTase vector and the thiolation domain vectors were individually cloned into
BL21(DE3) to assess protein expression. The vectors for the PPTases were chosen to
have a different replication sequence than the reporter to avoid conflicts during
growth. Colonies were picked, grown in liquid media containing antibiotics overnight
at 37 °C and stored at -80 °C with glycerol added to a final concentration of 12%
V/V. For assessment of protein expression glycerol stocks were used to inoculate 10
ml of LB in a 250ml Erlenmeyer with appropriate antibiotics and grown overnight at
37 °C with shaking at 250 rpm. This was then diluted into 500 ml of LB media with
antibiotics in a 2000 ml Erlenmeyer followed by a reduction of temperature to 30 °C
and growth for 3 hours with shaking. Protein expression was induced by the addition
of 500 pul of 0.1M IPTG followed by incubation at 25 °C for 3 hours with shaking.
Cells were spun at 10k x g for 10 minutes at 4 °C, and the media was decanted. Cells
were suspended in 20 ml of PBS at 4 °C with a bacterial protease inhibitor (Sigma
Aldrich, St. Louis MO), and proteins were extracted in a French press at 20k local
PSI followed by centrifugation at 10k x g for 10 minutes at 4 °C to separate soluble
and insoluble material. Insoluble proteins were recovered from the pellet by the
addition of 6M urea in equal volume to the supernatant. Heterologous proteins were
purified with a 1 ml HiTrap Talon crude column (Cytiva) on an AKTA
chromatography system with elution into 50 mM Tris with 250 mM imidazole.
Proteins were separated by SDS-PAGE electrophoresis with 4-12% bis-tris gels
(ThermoFisher) and imaged with Imperial Coomassie stain (ThermoFisher).

E. coli clones containing one of the three 4. carterae PPTases and one of the
eight BpsA reporters with dinoflagellate thiolation domain sequence were each grown
onto agar plates containing “autoinduction” media (Studier, 2005). Colonies were
grown at 25 °C for 48 hours to allow for growth, protein expression, and indigoidine
production. The plates were photographed, and each colony was assessed for dye
production by measurement of grayscale density using image J (https://imagej.net/)
with the space in between colonies as a baseline for background subtraction.

Reporter and PPTase protein expression and purification

The E. coli BL21(DE3) cells containing pET-20b plasmids with each of the three
codon optimized PPTase sequences were grown in autoinduction media (Studier,
2005) with 100 pg/ml carbenicillin at 25 °C for three days at 250 rpm. Likewise, the
pCDFDuet-1 plasmid containing the BpsA gene with and without the dinoflagellate
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thiolation domain inserts 3KS4, BurAl, ZmaK1, and ACP (Figure 3-4) were grown
in E. coli BL21(DE3) cells. These constructs could not be expressed by autoinduction
since production at temperatures above 20 °C did not produce active BpsA protein
capable of producing indigoidine. Instead, 10 ml LB media containing 50 pg/ml
spectinomycin was inoculated with each of the dinoflagellate thiolation domain
containing E. coli clones and grown overnight at 37 °C at 250 rpm in a 250 ml
Erlenmeyer flask. These cultures were then diluted to 500 ml LB with spectinomycin
and grown to an OD 600 of 6.0. Cultures were then chilled to 18 °C in an ice bath,
induced with 500 pl 0.1M IPTG, and grown overnight at 18 °C at 250 RPM.

Induced E. coli clones were collected after protein expression by
centrifugation at 10,000 x g for 15 minutes at 4 °C and the supernatant was decanted.
Pellets were stored at -80 °C until processing. Frozen pellets were suspended in 25 ml
of lysis buffer containing 5 mM imidazole, 500 mM NaCl, 25 % (v/v) glycerol and 20
mM Tris/HCI pH 7.5 along with bacterial protease inhibitors (Sigma Aldrich, St.
Louis MO) and thawed at 4 °C. Cells were lysed with a French press chilled to 4 °C
with 1000 PSI at the piston and 20,000 PSI at the outlet. The lysate was clarified by
centrifugation at 12,000 x g for 15 minutes at 4 °C and the supernatant was treated
with benzonase (Thermo Fisher) overnight at 4 °C. The His-tagged lysate was bound
to a 1 ml Hi-trap crude cobalt column (Cytiva); washed with 25 column volumes of
5SmM Imidazole, 250 mM NacCl, 20 mM Tris/HCI pH 7.5; and eluted into 10 separate
volumes of 250 mM Imidazole, 250 mM NaCl, 20mM Tris/HCI pH 7.5, and 12.5%
glycerol using an AKTA chromatography system (Cytiva). Elution fractions were
separated with 4-12% Bis-Tris gels from Novex (Thermo Fisher) in MOPS buffer at a
constant voltage of 165 V for 50 minutes and stained with Imperial stain (Thermo
Fisher) according to the manufacturer’s directions to verify protein capture. Fractions
containing expressed protein were concentrated using a 10 ml Amicon high pressure
stirred filter apparatus with a 5 kD regenerated cellulose filter for the PPTases and 30
kD filters for the BpsA constructs at 45 PSI with Nitrogen at 4°C (Sigma Aldrich).
Proteins were then buffer exchanged with 50 mM TRIS pH 7.5 using an amicon 500
ul spin column with a 3 kD nominal pore size for the PPTases and 10 kD for the
BpsA constructs at 4 °C (Sigma Aldrich). The BpsA vector containing the acyl carrier
protein (ACP) thiolation domain could not be expressed in E. coli and the PPTase
from dinoflagellate Clade 2 was retained in the insoluble pellet following lysis. For
these proteins, the Pure Express kit (New England Biolabs) was used with
approximately 10 ng of pET-18b plasmid containing either the PPTase Clade 2 or the
entire ACP open reading frames according to the manufacturer’s direction for
synthesis in vitro. This means that the ACP thiolation domain was not expressed in
the BpsA framework and was not used for indigoidine based detection of
phosphopantetheination by the three dinoflagellate PPTases but was available for the
direct measurement of free thiol. Artificial ribosomes from the Pure Express kit were
removed by passage through a 100 kD Amicon spin column at 10,000 x g for 20
minutes followed by buffer exchange and concentrated using a 3 kD Amicon spin
column with two washes at 500 pl each in the same manner as the purified PPTases
expressed in E. coli.

Purified protein in 50 mM TRIS was prepared for storage by the addition of
glycerol to a final concentration of 12.5% and quantified using a Q-bit protein
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quantification kit (Thermo Fisher). This was adjusted based on the band densities
following imperial staining to account for spurious bands from His-tag purification.

Estimation of thiolation domain phosphopantetheination in vitro

Each of the three BpsA constructs containing the dinoflagellate thiolation
domains along with the original BpsA thiolation domain were combined with each of
the three dinoflagellate PPTases according to the protocols from Owen ef al. 2011.
Briefly, a premix containing one of each PPTase at 0.2 uM and one of each BpsA
construct in two-fold dilutions from 8 pM to 0.25 uM in 50 mM Tris pH 7.5, 10 mM
MgCl2, and 100 pM CoA was incubated at 30 °C for 10 minutes. This was then
combined with a 3 volume of 25 mM glutamine and 5 mM ATP for a final volume of
50 pl. The absorbance at 590 nm was measured every 10 seconds for 30 minutes to
quantify the indigoidine production using a Spectramax i3x plate reader (Molecular
Devices, San Jose, CA). Windows of linear indigoidine production were used to
determine the maximum rate of production for each combination of PPTase and BpsA
constructs (Figure 3-5).
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Figure 3-5: Concentration dependent Indigoidine production.

The kinetics of indigoidine production are shown with the change in absorbance at 590 nm on
the Y-axis and the reaction time X-axis using the Clade 3 PPTase and the wild-type BpsA
reporter. Triplicate reactions are shown with red lines for 8 um, yellow for 4 ym, green for 2
pm, and blue for 1 um BpsA reporter. An example of linear production of indigoidine used to
calculate rate is shown as a black bar next to the 8 ym replicates.

The addition of phosphopantetheinate was quantified using the free thiol
detection kit from Abcam (Cambridge, UK). A seven-point standard curve was
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performed using 5-fold dilutions of CoA in 50 mM TRIS pH 7.5 according to the
directions of the kit with 50 mM TRIS pH 7.5 as a blank control (Figure 3-6).
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Figure 3-6: Standard curve of Coenzyme A (CoA) detected using a free thiol fluorescent
assay.

A standard curve is shown using a 5-fold dilution of Coenzyme A from 50 yM to 170 nm. The
Y-axis shows the relative fluorescent units from the fluorescent free thiol detection kit follow-
ing blank subtraction as well as a negative control, and the X-axis shows the Coenzyme A
concentration in micromolar. A linear fit is also shown on top of the observed data as well as
sum of the squared residuals on the right hand side.

Linearity of detection was evident from 50 uM to 170 nM CoA . The pH optimum of
each of the three PPTases was determined by buffering triplicate reactions in 0.5 unit
increments from pH 5.0 to 5.5 using MES, 6.0 to 6.5 using HEPES, and from 7.0 to
8.5 using TRIS at 50 mM each. Reactions were set up as follows: 50 pl total volume
with 50 mM buffer, 100 uM CoA, 10 mM MgCl2, 0.2 uM of one of the three
PPTases, 4 uM of the BpsA wild-type reporter, and 5 mM ATP with a 10 minutes
pre-incubation at 30 °C prior to ATP addition. The reaction was allowed to proceed
for 20 minutes at 30 °C and halted with 250 pl of ice cold 2 M NaCl, 50 mM Tris pH
7.5. Free CoA was removed by passage of the halted reaction through a 3 kD Amicon
spin filter at 10,000 x g for 15 minutes at 4 °C followed by two washes with 250 pul of
50 mM Tris pH 7.5. The amount of phosphopantetheinate was then determined using
the free thiol detection kit according to the manufacturer’s directions for each of the
triplicate reactions along with three 10-fold dilutions of CoA starting at 25 uM to
compare to the standard curve as well as a blank reaction. A pH of 7.5 was chosen for
PPTases from clade one and two and 6.5 was chosen for the clade three PPTase based
on these empirical results for all subsequent reactions. (Figure 3-7).
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Figure 3-7: Phosphopantetheination of the BpsA reporter at various pH values

The graph shows the amount of phosphopantetheinatation of the wild-type BpsA reporter by
each of the three Amphidinium carterae phosphopantetheinyl transferases. The relative
flurorescence produced by the freee thiol detection kit on the Y-axis as a function of pH in the
reaction on the X-axis is indicative of the amount of phosphopantetheinate added to the BpsA
protein by each phosphopantetheinyl transferase labeled on the Z-axis.

Phosphopantetheination reactions were repeated at optimum pH for each of
the three PPTases at 0.2 uM along with the BpsA reporter containing thiolation
domains 4 from the triple-KS transcript (3KS4), 1 from the BurA-like transcript
(BurAl), and 1 from the ZmaK-like transcript (ZmaK1) at 4 uM, as well as the acyl
carrier protein (ACP) at 10 uM in triplicate along with negative controls without CoA
added. These reactions were purified using a 3 kD Amicon filter and free thiol was
measured using the free thiol detection kit along with three CoA standards and blank
controls in the same manner as the pH optimization protocols. Assuming that only
one phosphopantetheinate group can be added to each thiolation domain, the amount
of free thiol was used to determine the percent of thiolation domains
phosphopantetheinated in 20 minutes.
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Results

Construct generation and domain insertion

Following the generation of the BpsA2.1 vector with restriction sites flanking
the phosphopantetheinyl transferase (PPTase) binding site of the thiolation domain,
each of the eight dinoflagellate thiolation domain oligonucleotides were successfully
inserted and verified by Sanger sequencing in both directions (not shown). Although
each of the PPTases from Amphidinium carterae were able to interact with the wild
type BpsA vector when co-expressed in E. coli (Figure 3-2), independent verification
of protein production showed very different expression patterns for each of the three
PPTases when expressed individually without the BpsA protein (Figure 3-8). In

PPTase 1 PPTase 2 PPTase 3
Soluble Insoluble  Soluble Insoluble Soluble Insoluble
Ladder
180
130
100

Figure 3-8: Soluble and insoluble lysates from E.
coli following induction of phosphopantetheinyl
transferase expression.

An SDS-PAGE gel is shown for three E. coli clones
conatining the three Amphidinium carterae phosphop-
antetheinyl transferases following induction of protein
expression with IPTG. Both the soluble (supernatant
following French press isolation) and insoluble (Pro-
teins retrieved from the pellet with 6M urea) fractions
are shown with arrows indicating the expected size of
each protein based on the molecular weight marker
designated as “Ladder” with kiloDaltons indicated.
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general, PPTase 3 showed high expression with protein in both the soluble fraction
and the insoluble fraction recovered with 6M urea following lysis of the E. coli host
by French press. PPTase 2, however, was only visible in the insoluble fraction and
PPTase 1 had low expression in general.

Each of the constructs produced visible protein following his-tag purification
(Figure 3-9), in contrast to the PPTase where PPTase 2 was not present in the

Ladder BpsA2.1 3KS4 ZmaK1 BurA1
198

_>98 \ '

62

49
38

28

17
Figure 3-9: His-tag purified BpsA reporter.
An SDS-PAGE gel is shown for the BpsA2.1
reporter with the standard sequence as well as
one each of the triple-KS, ZmakK, and BurA
inserts loaded with equivalent total protein. The
size marker is shown on the left designated
“Ladder” and an arrow shows the expexected
reporter size. The BurA1 protein was concen-
trated prior to imaging and shows several
breakdown products.

soluble fraction in appreciable amounts. In order to explain how PPTase 2, which can
activate the wild type BpsA reporter (Figure 3-2), can function despite low apparent
soluble production in E. coli, the soluble lysate from co-expression of PPTase 2 with
either the BpsA2.1 vector without a heterologous insert or the ZmaK1 insert were
separated by SDS-PAGE (Figure 3-10). The recoverable amount of the PPTase 2
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Figure 3-10: PPTase2 expression with BpsA reporter standard
insert and ZmakK  insert.

An SDS-PAGE gel is shown for a co-expression of PPTase 2 with
either the standard BpsA2.1 sequence or with the ZmaK1 insert
following French press lysis and removable of insoluble material by
centrifugation. The expected sizes for the reporter BpsA protein as
well as the PPTase protein are highlighted with black boxes accord-
ing to the expected size shown on the left with the size standard
marked as “Ladder”. The load volumes are shown at the top of each
well in microliters from equivalent E. coli cultures.

protein as well as its substrate BpsA protein were higher in the original vector
compared to the ZmaK1 insert containing vector where both the reporter and the
PPTase 2 soluble protein were low in abundance.

Indigoidine production in E. coli

Following growth on autoinduction plates, co-expression of each of the
PPTase activators with one of the BpsA2.1 vectors containing either the modified
wild-type sequence or a dinoflagellate sequence insert resulted in similar growth for
all colonies but indigoidine production in only some colonies (Figure 3-11).
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Figure 3-11: Indigoidine synthesis in E. coli from the coexpression of dinoflagellate

phosphopantetheinyl transferases and the BpsA gene with a dinoflagellate thiolation
domain.

The graph shows the relative darkness of each colony to a black pixel on the Y-axis resulting
from the production of indigoidine in E. coli upon the coexpression of the BpsA gene contain-
ing a dinoflagellate thiolation domain and a dinoflagellate phosphopantetheinyl transferase
(PPTase) on separate vectors. The thiolation domain is indicated on the X-axis including wild
type sequence (BpsA), as well as the Amphidinium carterae triple KS (KS), ZmaK-like (ZmaK),
and BurA-like (BurA) transcript sequences with a numeral indicating which thiolation domain
from N to C terminus. The Z-axis indicates which clade of PPTase sequence was coexpressed
from Williams et al. 2015. The actual plates with induced expression are shown in the upper
right in the same orientation as the graph X and Z-axes for reference.

Background subtracted values show higher indigoidine production for the BpsA2.1
vector without inserts as well as with the triple KS inserts but not the ZmaK or BurA
inserts with the exception of the combination of BurA2 and PPTase 3. Also, the
PPTase 2 activator pairings yielded consistently lower indigoidine production than
PPTase 1 or 3 with the exception of the ZmaK?2 insert that had low indigoidine
production in all cases but was highest with PPTase 2. Other than the ZmaK2 insert,
all BpsA pairings with the PPTase 3 activator resulted in higher indigoidine
production relative to the PPTase 1 or 2 activators. Indigoidine production was also
performed with each insert along with the PcpS gene, a bacterial PPTase from
Pseudomonas aeruginosa and common control gene for phosphopantetheination, but
indigoidine was only produced in appreciable amounts with the reporter without

dinoflagellate inserts compared to low or almost no production with the dinoflagellate
sequences (Supplementary Figure S3-1).
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Thiolation domain phosphopantetheination in vitro

All three PPTases were able to activate indigoidine production in the wild-
type BpsA reporter in a dose dependent manner (Figure 3-12). The same was true for
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Figure 3-12: Kinetics of indigoidine production for combinations of thiolation domains
and phosphopantetheinyl transfers (PPTases).

The kinetics of indigoidine production are shown with the change in absorbance at 590 nm on
the Y-axis and the concentration of each reporter on the X-axis of each graph titled with the
thiolation domain inserted into the reporter. Error bars show the standard deviation for each
set of reactions with PPTase clade one in blue, clade two in red, and clade three in green.

thiolation domain four of the triple KS transcript (3KS4) with a similar change in rate
versus changes in reporter concentration but with an approximately ten-fold decrease
in absorbance at 590 nm. In both cases the clade three PPTase correlated with a
slightly higher rate of indigoidine production followed by clade two and then clade
one with low error between replicates. Reporters containing thiolation domain one of
both the BurA-like (BurA1) and the ZmaK-like (ZmaK1) transcripts did not appear to
make appreciable amounts of indigoidine during the time of these experiments for
any of the three PPTases.

Phosphopantetheination of the BpsA reporter by all three PPTases was also
evident by the fluorescent free thiol detection assay (Figure 3-7). Although the Clade
1 and 2 PPTases had the highest levels of free thiol (phosphopantetheinate) detected
at the same pH as the indigoidine synthesizing assays, around pH 7.5, the clade three
PPTase had peak fluorescence at pH 6.5. Not surprisingly, the observed
phosphopantetheination of the reporter containing the 3KS4 thiolation domain was
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much larger with the clade three PPTase than either the clade one or two PPTases
when done at the optimum pH (Figure 3-13). This was quantified using a CoA
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Figure 3-13: Phosphopantetheination of thiolation domains detected as free thiol

The graph shows the amount of phosphopantetheinatation of BpsA containing thiolation domain
four from the triple KS transcript (3KS4), thiolation dom one from the BurA-like transcript (BurA1),
and thiolan domain one from the ZmakK-like transcript (ZmakK1) described on the X-axis. The
amount of phosphopantetheination is given as the resultant micromolar amount of CoA added to
the 8 uM of starting BpsA protein. Error bars show the standard deviation of triplicate reactions
for the Clade one, two and three PPTases colored blue, red and green, respectively.

standard curve (Figure 3-6) giving a final concentration of CoA attached to the BpsA
protein in pM. Relative to the 8 pM starting material of BpsA gives a
phosphopantetheination level for the 3KS4 domain of approximately 50% for the
clade three PPTase and approximately 12.5% for the clade one and two PPTases.
Despite a lack of evident phosphopantetheination in the indigoidine production assays
for the BurA1l and ZmaK1 thiolation domains, phosphopantetheination was evident in
the free thiol detection assay for these domains for all three PPTases but with a larger
error. Also, the Clade 3 PPTase gave the lowest yield for BurAl and ZmaK1 with
approximately 10% of starting material phosphopantetheinated while the Clade 1 and
2 PPTases yielded approximately 18% phosphopantetheination.
Phosphopantetheination was also evident using the free thiol detection method
for the acyl carrier protein (ACP), the thiolation domain responsible for lipid
synthesis (Figure 3-14). Again, all three PPTases were able to phosphopantetheinate

97



Phosphopantetheination of the Lipid Carrier Protein
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Figure 3-14: Phosphopantetheination of acyl carrier protein detected as free thiol

The graph shows the amount of phosphopantetheinatation of the acyl acrrier protein (ACP), the
thiolation domain for lipid synthesis. The amount of phosphopantetheination is given as the
resultant micromolar amount of CoA added to the 15 uM of starting ACP protein. Error bars show
the standard deviation of triplicate reactions for the Clade one, two and three PPTases colored
blue, red and green, respectively.

this thiolation domain with the clade two PPTase yielding the highest level with
approximately 75% of the 15 uM starting material phosphopantetheinated followed
by clade three at 30% and clade one at 23%. This free thiol detection method cannot
be compared to the indigoidine synthesis assay for the ACP since the ACP containing
BpsA gene was not expressable in E. coli.

Discussion

The production and use of recombinant dinoflagellate proteins

This work is the first example of heterologously expressed dinoflagellate
proteins used in an in vitro assay. It is also the first example of a catalytically active
dinoflagellate protein produced by an in vitro synthesis method. This is quite exciting
given the general difficulties in heterologous protein expression (Rosano &
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Ceccarelli, 2014; Serensen & Mortensen, 2005), but also means that codon
optimization is not necessarily required (Angov et al., 2008), allowing for the use of
native dinoflagellate transcripts. E. coli was used successfully in this study for protein
expression, but mammalian cells have also been used (Ma, Shi, & Lin, 2020)
indicating that eukaryotic cells can also be utilized for proteins that require cleavage,
chemical modifications, or to test cellular localization predictions. The use of in vitro
and in-vivo methods will hopefully increase our understanding of dinoflagellate
biology where common techniques such as promoter modification and targeted
genetics have been hampered by a largely post-transcriptional control of gene
regulation and very high gene copy number (Lidie et al., 2005; Morse et al., 1989;
Roy et al., 2018; Bachvaroff & Place, 2008).

Gene knockdowns and knockouts are the most common method for modifying
protein expression in dinoflagellates (Diao, Song, Zhang, Chen, & Zhang, 2018; Yan,
Wu, Kwok, & Wong, 2020) and are likely the methods moving forward for
understanding natural product synthesis in dinoflagellates, despite the difficulties
presented by high copy number. This study exploits the stable chemical modification
of one actor in natural product synthesis by another. This allowed us to test the
interactions of two proteins indirectly by measuring indigoidine synthesis or directly
by measuring the increase in free thiol groups following the attachment of the
phosphopantetheinate group to the thiolation domain. In the downstream reactions the
biosynthetic enzymes interact with the chemical being synthesized either directly or
at the site of attachment to the phosphopantetheinate group making specific
interactions much more difficult to discern. With dozens of ketosynthases to choose
from, trying to figure out which one attaches which exact acetate in a molecule like
amphidinol with sixty-five carbons (Houdai et al., 2001) is certainly daunting. Thus,
indirect methods may be more useful such as targeting acyl transferase and
thioesterase domains that, as noted by Van Wagoner et al. (Van Wagoner et al.,
2014), are more likely to have a recognizable impact on the final structure of
dinoflagellate toxins and potential inhibitors exist for these enzymes (Lupien et al.,
2019; Naik et al., 2014; Valastyan et al., 2020). They are also generally low in copy
number similar to the PPTases used in this study with an average of twelve
thioesterase domains in dinoflagellate transcriptomes (Table 1-2) (Williams et al.,
2021). In addition to being the target of PPTases, the thiolation domains likely
involved in natural product synthesis have been shown to have six to seven
tetratricopeptide repeats (Clairfeuille et al., 2015), unlike the acyl carrier protein
(ACP) for lipid synthesis, that may serve to scaffold biosynthetic complexes. This
could allow for the enrichment of catalytic complexes for natural product synthesis
from protein extracts using antibody-based methods. Essentially, a bit of whittling
down is necessary before further biochemical validation of the roles of dinoflagellate
natural product genes is feasible.

The differences between the indigoidine production and the free thiol detection
assays show a disconnect between the ability of the BurA and ZmaK insert reporters
to produce indigoidine and their ability to be phosphopantetheinated (Figs. 3-11, 3-
12, 3-13). The lack of indigoidine production is likely due to steric inhibition from the
thiolation domain that must be positioned to interact with all other domains for
successful biosynthesis (Figure 3-2). This may help explain why there is a reduction
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in indigoidine synthesis with the 3KS4 thiolation domain versus the original BpsA
domain (Figure 3) but with a similar change in rate with increasing substrate
concentration. This makes the indigoidine production assay useful for providing
yes/no type answers as has been suggested before (Owen et al., 2011) but requiring
confirmation of negative results. The free thiol assay on the other hand is a direct
measurement and likely at least semi-quantitative. To be adapted to other types of
natural product synthesis interactions, a detectable chemical change is required,
which is unfortunately hard to come by. Modified analogs or radioisotopes have also
been used in the past for PPTase (Bunkoczi et al., 2007; Cai et al., 2005;
Sonnenschein et al., 2016), but may be difficult to extend to the downstream
biochemistry of natural product synthesis given that acetate, the dominant substrate
incorporated into dinoflagellate toxins, is used in so many other biological processes.
Development of an in vitro assay would alleviate this but may prove tedious given the
large number of ketosynthases in dinoflagellate genomes.

Phosphopantetheinyl transferase/thiolation domain specificity and evolution

There were some obvious differences observed between the triple-KS inserts
and the ZmaK or BurA inserts in terms of the indigoidine produced (Figs. 3-11 and 3-
12). The triple-KS inserts had consistently high indigoidine production, especially
with the ubiquitous Clade 3 PPTase, and the triple-KS transcript can also be found in
the more basal syndinian dinoflagellate Hematodinium sp. (Gornik et al., 2015), a
parasite of crustaceans. The BurA-like and ZmaK-like genes on the other hand are not
found in any syndinian transcriptomes to date and are very similar in sequence to
bacterial genes making horizontal transfer a likely origin. The results presented here
may indicate that, at least for the Amphidinium carterae PPTases, the ability to
activate the BurA and ZmaK inserts is sub-optimal. This is also evident in thiolation
domain sequence clusters based on the observation that many of the ZmaK sequences
lie outside the cluster of natural product associated domains with the more basal
sequence the furthest away, indicating that convergent evolution may be an active
force (Figure 1-9). Thus, PPTases from more distal species of dinoflagellates may be
better at phosphopantetheinating the BurA and ZmakK thiolation domains than the 4.
carterae based PPTases used here.

The results of the free thiol assay show that each of the three PPTases can
phosphopantetheinate all of the thiolation domains used in this study, including the
acyl carrier protein at near equivalent amounts (Figs. 3-13 and 3-14). This is
intrigui9n given that the Clade 2 PPTase exists in the genome without having an
apparent stop codon and without evidence of expression as an intact protein (Figure
2-5). This is especially surprising considering that the clade two PPTase was able to
phosphopantetheinate the ACP, required for the vital process of lipid synthesis, to a
greater extent than the other two PPTases (Figure 3-14). The second surprising
interpretation based on the apparent lack of PPTase specificity is that lipid and natural
product synthesis are not segregated based on PPTase targets as is usually the case in
bacteria and fungi (Beld et al., 2014; Gerc et al., 2014). The most basally branching
dinoflagellates are the syndinian clades (Bachvaroff et al., 2014) that are not
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photosynthetic but instead parasitize other eukaryotes. Although not well studied,
there is some genetic information including genomic data for Ameobophyra ex.
Karlodinium veneficum, a parasite of the dinoflagellate Karlodinium veneficum that
does not have any lipid synthesis machinery and presumable gets its lipids from the
host (Bachvaroff, 2019). This includes the absence of a PPTase, an enzyme generally
assumed to be present in all life since lipid synthesis is usually required for biological
life to exist (Beld et al., 2014). Another species of syndinian dinoflagellate is
Hematodinium sp., a crustacean parasite that also does not have an identifiable
PPTase but does possess the triple KS transcript from which one of the thiolation
domains in this study is derived (Gornik et al., 2015). Thus, it is unlikely that
dinoflagellates have a native PPTase and the PPTases that are evident may have been
acquired through horizontal gene transfer, possibly from the chloroplast as has
happened in the other cases (Dorrell & Howe, 2015; Ishida & Green, 2002; Yamada
et al., 2019). This may explain the lack of binding site specificity observed with these
PPTases as well as other protists (Sonnenschein et al., 2016). Whether specificity was
present when acquired and deteriorated over time or if the PPTase acquired during
endosymbiosis already lacked specificity is unclear. The benefit of this lack of
specificity is that natural product genes can be acquired over time and are more likely
to be utilized if there is an existing PPTase that can activate the biosynthetic pathway.
This may help to explain the likely horizontal gene transfer of the BurA-like and
ZmaK-like genes that are not evident in any of the basal syndinian lineages but are
common in most core dinoflagellate lineages. Also, while there are three PPTases in
Amphidinium carterae, a basal core dinoflagellate, there are many derived species
that have lost PPTases, including Protoceratium reticulatum that only has the clade
three PPTase (Williams, Bachvaroff, & Place, 2020). Thus, natural product synthesis
in dinoflagellates may be different bacteria and fungi because the biosynthetic
capabilities have been acquired by horizontal gene transfer.

Conclusion

The demonstration of using purified protein in in vitro assays is an important
advancement in the search to understand dinoflagellate biology. They are such a
strange and diverse group of organisms that comparisons to other species, especially
many common models, can be misleading. Even in this study, the interpretation of the
in vitro assays alone might lead one to assume that the clade two PPTase is most
likely responsible for activating lipid synthesis by phosphopantetheinating the acyl
carrier protein. Looking at the protein expression gives the very unexpected result
that this protein is seemingly immediately broken down making a biological role for
this enzyme entirely unlikely apart from a possible regulatory agent. Indeed, this
study utilized enzymes from Amphidinium carterae, but proteins from other species
may give very different results and may have unique functionalities. Taking as
holistic an approach as possible is important when dealing with such a dynamic group
of organisms, and biochemical validation will certainly be an important tool in the
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future. This study also reveals the importance of taking the evolutionary history of
dinoflagellates into account when interpreting data. Although the bulk of study is on
the core dinoflagellates that are dominated by photosynthetic species, the common
ancestor is likely heterotrophic and parasitic. This means that any plastid associated
process is likely to have a very complicated evolutionary history and keeping an open
mind is essential.
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Overall Conclusions and Future Work

Summary of results

The overarching goal of these studies was to identify and characterize genes
whose function could distinguish lipid synthesize from toxin synthesis in
dinoflagellates. A hidden Markov model (HMM) was successfully developed that
could identify a variety of candidate genes potentially involved in lipid and toxin
synthesis. For some domains the genes likely involved in lipid synthesis could readily
be identified such as thiolation and ketosynthase domains whereas in ketoreductase
and acyl transferase domains the gene count was drastically expanded leaving the
concept of functional segregation in question. The gene counts in general are higher
than expected and the domains themselves do not follow the mathematical canon
where domains that act downstream are as abundant or lower in abundance than the
upstream elements. It would be like having more apple juice factories than you have
apple farms, leaving open the possibility that some elements in dinoflagellate natural
product synthesis may act iteratively or in multiple processes. The structural elements
that would in theory scaffold these synthetic elements together were also discovered
on thiolation and acyl transferase domains. These particular domains changed in
relative abundance during core dinoflagellate evolution with an increase in acyl
transferase domains and a decrease in thiolation domains indicating a change in
strategy for how synthetic complexes are organized. The thiolation domains were
chosen for future study because of their apparent sequence segregation with respect to
lipid and natural product synthesis, the presence of scaffolding domains, and because
they are acted on very early in synthesis by phosphopantetheinyl transferases
(PPTases).

The phosphopantetheinyl transferases themselves were shown to be in low
copy number in dinoflagellates with up to three or as few as one copy present. They
were also found to be distinct from PPTases in bacteria and fungi making immediate
functional classification difficult. A lack of targeting motifs further complicates
matters since nearly all of the domains that they act upon have clear chloroplast
targeting sequences. The clade one and three proteins in Amphidinium carterae were
expressed in an alternating pattern over both a day night cycle as well as over a
growth curve while the clade two protein was strangely never observed in its whole
form. Instead it was detected as a breakdown product common to all three PPTases
indicating a possible mechanism for inactivation. The clade two PPTase was found to
lack a stop codon providing an explanation for its seeming immediate degradation
and the 3’ sequence was similar to the clade one sequence hinting at a likely
duplication and subsequent loss of function. The acyl carrier protein on the other hand
was quite standard in both expression pattern and sequence motifs.
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The clade one and three PPTases were successfully expressed in E. coli and
purified as active protein. The clade two PPTase was not able to be expressed as
soluble protein in E. coli and instead was synthesized in vitro and purified. All three
PPTases, however, were able to be expressed in E. coli along with the indigoidine
synthesizing gene BpsA from Streptomyces lavendulae. This gene requires activation
by a PPTase for indigoidine production and the E. coli host doesn’t not possess a
PPTase capable of activating the BpsA protein. All three Amphidinium carterae
PPTases were able to activate the BpsA protein to varying degrees implying the
functional ability to activate thiolation domains involved in the synthesis of other
natural products like toxins. The BpsA gene was successfully modified to allow the
incorporation of dinoflagellate thiolation domain sequences by the addition of unique
restriction sites. Eight thiolation domains from three dinoflagellate transcripts as well
as the acyl carrier protein were all incorporated into the BpsA gene. All were
expressed in E. coli and purified and purified as active protein with the exception of
the acyl carrier protein, likely due to host toxicity. This particular protein was
synthesized in vitro and purified. The purified BpsA proteins as well as purified
PPTases were allowed to react in vitro with indigoidine production using all three
PPTases evident from the thiolation domains of one of the dinoflagellate transcripts
but not the other two. This strange result was double checked by fluorescent detection
of the free thiol resulting from the activity of the PPTase on the thiolation domains.
This method was able to demonstrate that all of the thiolation domains, including the
synthetic acyl carrier protein, were all able to be phosphopantetheinated by all of the
PPTases and that the lack of indigoidine synthesis was likely the result of the
dinoflagellate sequence disrupting the activity of the BpsA gene.

Successful development of in vitro assays to test the interactions of dinoflagellate

proteins

In order to test sequence-based predictions of protein products it is necessary
to test the protein function in a controlled environment. These experiments exploited
the direct interactions of two proteins involved in dinoflagellate natural product
synthesis, the thiolation domain and the phosphopantetheinyl transferase (PPTase).
The most important aspect of this interaction is that the thiolation domain is
transformed from the apo form to the holo form by the PPTase. This means that the
functionality of the thiolation domain is unlocked by the PPTase and that without this
conversion the thiolation domain is entirely inactive. In effect the PPTase is a switch
that turns the thiolation domain on. Thus, there are two ways of approaching this
particular interaction: direct assessment of thiolation domain modification by the
PPTase and functional activation by the PPTase

In these experiments direct assessment of thiolation domain modification was
performed using a fluorescent assay that detects free thiol groups. This is convenient
for this particular modification because the PPTase adds a moiety with a single free
thiol group making quantification fairly straightforward. Another version of this
technique is to use radioisotopically labeled CoA and measure the subsequent
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increase in radioactivity of the thiolation domain following phosphopantetheinate
transfer. The use of radioisotope is extremely sensitive and quantitative when done
right. 3P labeled CoA is commonly used with the consideration that either both
phosphates are labeled or the phosphate distal to the nucleotide to ensure that
radioactivity is conferred to the thiolation domain. S is another possibility although
not as easily detectable as 3?P. The advantage is that there is a single sulfur to trace.
The use of radioisotope lends itself to in vitro assays but not pulse chase studies since
CoA is used in so many reactions potentially muddying subsequent results. Another
method to directly measure phosphopantetheination is the “P-eject” method that is a
tandem mass spectrometry based method. The phosphopantetheinated thiolation
domain is infused into the mass spectrometer in the case of in vitro reacted material
or a biological lysate is passed to the mass spectrometer following purification and
liquid chromatography for in-situ reactive material. Parent molecules with masses
equal to the phosphopantetheinated thiolation domain are passed through a collision
gas where the phosphopantetheinate group is preferentially removed and then
detected in the second spectrometer. This is a definitive way of establishing that the
protein has been phosphopantetheinated but potentially difficult to make quantitative,
requiring a significant amount of time for method development. In general, these
methods could be used in future experiments whenever a substrate is modified by an
enzyme that adds a distinct chemical group. Some examples are protein ubiquitination
and phosphorylation, carbohydrate acylation, or possibly nucleic acid cleavage. There
are considerations on whether to use radioisotope, antibody, mass spectrometry, or
another method for detection but all of these examples can employ heterologously
expressed protein in vitro using the methods developed here.

While direct measurements can work with the pairing of PPTases and
thiolation domains, many other genes that participate in natural product synthesis
have a more nuanced role and don’t directly modify their substrate. Instead, their role
is dictated by the substrates they interact with and at what point in the synthetic
process they are recruited. The point of recruitment can be quite difficult to ascertain
in dinoflagellates since, as stated before, their gene order does not reflect the
synthetic order and the gene copy number is very large. This makes knockouts a
much more relevant approach followed by a survey of product intermediates to see
where synthesis was disrupted. The experiments here focused on substrate specificity
by performing domain replacement in a synthetic system with a known product. This
is especially useful when dealing with PPTase specificity because the final natural
product isn’t modified by domain replacement. The result of the domain swap is
instead whether the product is made and how much. This was successful for some
dinoflagellate domains although incorporating others appeared to disrupt the ability of
the reporter system to produce indigoidine demonstrating the greatest limitation of
this method. The advantage on the other hand is the ease of domain replacement.
Swapping nucleic acid sequences is trivial compared to the expression and
purification of active protein. This allows for many domains to be tested in a single
round of experimentation. A primary target for future experimentation would be the
adenylation domains in dinoflagellates. While a few of them are associated with
condensation domains, the vast majority have no cognate condensation domain to
perform traditional peptide bond formation despite their commonly predicted
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substrates of cysteine and phenylalanine. Using domain swapping to determine the
possible substrates of these domains could answer a lot of questions about what
natural products dinoflagellates make and how they make them.

Dinoflagellate natural product and lipid synthesis domains

These experiments failed to use PPTases to differentiate classic lipid synthesis
from natural product synthesis because in some ways they are not differentiated, at
least not in the canonical sense. Given the fact that the syndinian dinoflagellates did
not make lipids and instead assimilated them from their host it appears that
dinoflagellates acquired both lipid and natural product synthesis during chloroplast
acquisition. This is drastically different from bacteria and fungi that had mechanisms
for regulating lipid synthesis prior to the evolution of natural product synthesis. Thus,
it is not too surprising that elements of lipid and natural product synthesis have been
jumbled up in dinoflagellates in a novel way. All of the pertinent elements for natural
product and lipid synthesis appear to be translocated to the chloroplast based on
targeting sequences, except for the PPTases, which is quite unusual. It could be that
all thiolation domains are phosphopantetheinated before they even reach the site of
synthesis such as in the Golgi or even in the endoplasmic reticulum. This would
certainly be in line with the lack of substrate specificity apparent in dinoflagellate
PPTases if phosphopantetheination is coordinated with all possible processes rather
than segregated to particular avenues of biosynthesis. Certainly, microscopy using
specific antibodies can help determine where the PPTases are expressed to answer
questions about their role. Guessing which antibodies to use may prove tricky since
the expression of each PPTase is highly variable.

So, if lipid and natural product synthesis are not separated by PPTase
specificity as in other organisms then how are these processes regulated? One clue is
the acyl carrier protein. Its expression pattern changes with the stage of growth and
may be the primary limiter for the rate of lipid synthesis. Also, the acyl carrier protein
does not have any of the scaffolding domains that the other thiolation domains and
the acyl transferase domains possess. Thus, gene recruitment in dinoflagellate natural
product synthesis may play a huge role in what the final molecule is, helping to
explain why there are so many different types of dinoflagellate natural products. The
sequence differences between the acyl carrier protein and other thiolation domains
that were observed here may influence which genes are recruited to the complex and
not PPTase binding as was original theorized. Some evidence for this includes the
ketosynthase domain, the first enzyme to interact with the carrier domain following
phosphopantetheination. This is the only other domain where the gene copies
expected to participate in lipid synthesis are very well conserved and in low copy
number. The acyl carrier protein and the ketosynthase domain may help recruit
domains that are specific for lipid synthesis ensuring complete saturation of acyl
chains. This could be tested by expressing the ACP and some candidate ketosynthase
domains in vitro using the same techniques presented here along with radiolabeled
malonyl CoA and look for incorporation of isotope. Differential incorporation would
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be an unprecedented example of coordination between a carrier protein and a
ketosynthase domain. Otherwise, the strict conservation observed in the ketosynthase
domains, but not other domains would be difficult to explain. Performing a knockout
of the dehydratase domains may also prove fruitful since they are also in very low
copy number and there are very few double bonds observed in dinoflagellate toxins
leaving polyunsaturated fat and saturated fat synthesis as the most likely role for these
enzymes.

Separating polyunsaturated fat synthesis from other natural products is tied to
the mystery why dinoflagellates have both multidomain and single domain
transcripts. While polyunsaturated fats can theoretically be synthesized by any
number of domains, the presence of the triple-KS transcript in the syndinian
dinoflagellate Hematodinium sp. is striking and indicates that this transcript may
make polyunsaturated fats since Hematodinium does not make any known toxins. On
the other hand, the triple-KS could just as easily synthesize major portions of the
backbone structure of most dinoflagellate toxins by iteratively using each module,
indicating a separate rationale for its conservation. The questions remaining for the
triple-KS and other multi-domain transcripts are whether they process natural product
synthesis iteratively and if so how much. One way to get at this would be to use
thioesterase inhibitors to prevent cleavage of the natural product and examine what
molecules are still attached to the thiolation domains. This could be done
heterologously assuming the appropriate substrates are available or in-situ. The
complex could then be pulled down using specific antibodies. One clear advantage is
that multiple different antibodies could be used for multidomain transcripts
preferentially pulling down these proteins versus single domains. Using radiolabeled
substrate would not be advisable in this case since acetyl-CoA is used in so many
processes and may be hard to trace. Rather, excision of the natural product from the
thiolation domain and mass spectrometric analysis is preferable to characterize the
products of the multidomain transcripts. This would help to answer questions about

whether these multidomain transcripts serve to make polyunsaturated fats, toxins, or
both.

Gene expansion and retention in core dinoflagellates

Altered chromosome structure, a high retention rate of horizontally transferred
genes, post-transcriptional control of gene expression, and retention of a chloroplast
are all synapomorphies of core dinoflagellates. Why these traits all co-occur is not
entirely clear but the results of these studies may surprisingly shed some light. We
know that the appearance of alternate proteins involved in chromatin structure appear
in late branch syndinian dinoflagellates. In core dinoflagellates we see a big increase
in gene copy number, possibly from the increased likelihood of recombination that
followed a change in chromatin structure. More importantly is a shift away from
transcriptionally controlled gene expression like most other organisms and the
emergence of a system where the default is for translation to be proceed unless
translation is inhibited through regulatory elements, mostly circadian. This may be
what allowed for the retention of horizontally transferred genes and ultimately
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endosymbiosis of photosynthetic prey because any novel transcripts that do not have
regulatory elements will be translated. This means that any potential benefit will be
realized from the start with selection pressure acting to dial back and regulate
expression rather than enable it. This is how core dinoflagellates were suddenly able
to synthesize lipids, make polyketide based natural products, conduct photosynthesis,
and many other metabolic processes that their chloroplast could do when it was a free
living haptophyte. Once the genes for these processes make their way to the nucleus
they can expand like other dinoflagellate genes, which is why we see several
redundant PPTases, a huge repertoire of polyketide synthesis genes that allow for
toxin and polyunsaturated fat synthesis, and an acyl carrier protein more similar to
bacteria than closely related eukaryotes. Thus, we see a sudden gain followed by
many separate losses of PPTases and likely other genes as well (Figure C-1).

So then why is PPTase two expressed and immediately degraded? Why are so
many other proteins expressed and degraded on a circadian cycle? Woody Hastings
postulated a theory that it was a way of recycling nitrogen. Although this ideas was
never fully flushed out, it makes sense when you consider that the acquisition of a
chloroplast was likely the most dramatic, beneficial, and dangerous event in
dinoflagellate evolution. Splitting water and releasing electrons can be incredibly
harmful effectively burning the cell to death if not controlled properly. The final
electron acceptor is NADP, one of the three major nitrogenous compounds in the cell
along with chlorophyll and amino acids. If redox stress gets too high, amino acids are
a ready source of nitrogen and it pays to keep them around. Most if not all
dinoflagellates are heterotrophic at some level meaning that they can ingest nitrogen.
Food isn’t always available, though, and in lean times the constant synthesis and
degradation of protein may be a way of storing nitrogen in the cell in a manner that is
useful but also accessible. The dinoflagellate toxins themselves have been shown to
be associated with sensing redox stress in Karenia brevis and this may be a common
use in most other core dinoflagellates. Toxins may be both a sink for electrons where
free NADP can be recycled as well as a means of sensing when oxidative stress is too
high. Except in Karlodinium veneficum. In K. veneficum the toxin is released for prey
capture because if you are extra effective at catching prey you don’t have to worry so
much about available nitrogen. We can envision a conceptual model where the
biology of core dinoflagellates that allowed for chloroplast acquisition and horizontal
gene transfer made toxin and lipid synthesis possible. It also explains the
diversification and expansion of these processes in ways that don’t occur in most
other organisms. Many of the methods employed in these studies can be used and
expanded upon as discussed to decipher the pathways of toxin synthesis in core
dinoflagellates, but each result must be taken lightly because we can expect unique
changes in most if not every species examined, just as we’ve seen with PPTase
evolution.
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Figure C-1: Natural product domain evolution in dinoflagellate

Shown is a cartoon of dinoflagellate evolutionary groups with a horizontal black line
separating the syndinian dinoflagellates on the bottom from the core dinoflagellates
on the top. Example species of Order level taxonomies are shown in black boxes next
to a corresponding arrow along with boxes showing the presence or absence of each
of the three PPTase clades. A colored box with a black border shows the presence of
a PPTase clade while a black box with a colored border indicates the absence
according to the legend at the top. The cartoon to the upper left represents the
increase in acyl transferase (AT) domains and the reduction in thiolation domains
during core dinoflagellate evolution.
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Appendices

A1l: Spliced leader characterization

Spliced leader containing sequence enrichment and 5’ cap isolation

Twelve 4-liter samples of an exponentially growing A. carterae culture were
taken twice weekly, pelleted at 1000 x g for 10 min and frozen at -80° C. Each pellet
was used for RNA extraction using the RNAzol RT reagent (Molecular Research
Center, Cincinnati, OH) according to the manufacturer’s instructions. Briefly, pellets
were homogenized in the RNA extraction reagent, the nucleic acids were allowed to
deproteinate at room temperature for 15 min, and cellular debris was removed by
centrifugation. Large RNAs (approximately >200 bases) were precipitated with 0.4
volumes of 75 % ethanol and pelleted by centrifugation. The remaining small RNA
fraction was precipitated from the supernatant with 0.8 volumes of isopropanol and
pelleted by centrifugation. The pellets were suspended in water treated with diethyl
pyrocarbonate (DEPC) and quantified. The isolated RNA from each size fraction was
pooled and re-precipitated with an equal volume of isopropanol at room temperature
for 15 min, pelleted at 12,000 x g for 20 min, washed with 75 % isopropanol, and re-
pelleted at 12,000 x g for 5 min. The final pellets were suspended in 200 pl of DEPC
water, yielding approximately 200 pg of RNA >200 bases and 5.2 pg of RNA <200
bases.

For the U4 and SL pulldowns, 1 pg of the small RNA fraction was diluted to
44 pul and combined with 5 ul of 5 M NaCl and 1 pl 1 M MgCl,, each. The RNAs
from the >200 base fraction were similarly diluted and also used for spliced leader
enrichment. 50 pl of formamide was added to each 50-ul sample and combined with
100 pl 2X hybridization buffer (8X SSC, ImM EDTA, 20 % dextran sulfate). 400 ul
of streptavidin coated beads were washed with washing buffer and bound to the
biotinylated primers (Table 3) for 1 h at room temperature on a rotisserie. The RNA
samples in hybridization buffer were combined with 100 pl of the bead bound
oligonucleotide and hybridized for 18 h at 40° C. The beads were washed five times
with 500 pl washing buffer. The SL pulldown from the large RNA fraction was
suspended in 100 ul RNAse A buffer (10 mM Tris-HCI, pH 7.6, 1 M NaCl). The SL
pulldown from the small RNA fraction was suspended in 100 pl of RNAse T2 buffer
(10 mM ammonium acetate, pH 4.5, 10 mM EDTA), and the U4 sample was
suspended in 100 pl decapping buffer. 1 pl of 10 mg/ml RNAse A (Thermo,
Waltham, MA) was added to the large RNA SL pulldown and single stranded RNA
was degraded at 37 °C for 1 h while 1 pl recombinant RNAse T2 (Mo Bi Tech,
Goettingen, Germany) was added to the small RNA SL pulldown and incubated at
37° C for two hours to achieve complete digestion. Following RNAse T2 treatment,
the SL pulldowns were each washed five times with 500 pl washing buffer and
suspended in 100 ul decapping buffer. The RNA from the U4 and the two SL
pulldowns was melted off the bead-bound oligonucleotide at 70° C for 5 min and
separated immediately from the beads were immediately removed. 1 pl of each
sample was then imaged on the Agilent Bioanalyzer 2100 using the small RNA kit to
verify product sizes. 2.5 pul of DCP2 (Enzymax, Lexington, KY) was added to each
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SL pulldown and decapping was performed at 37° C for 30 min. The 22- base
presumed spliced leader from the large RNA fraction was removed from the excised
5" cap by addition of 100 pl of decapping buffer containing streptavidin coated beads
bound to the spliced leader complementary oligo and annealing of the presumed
spliced leader to the oligo at 45° C for 5 min. The beads were removed, suspended in
100 pl of decapping buffer, and the presumed spliced leader was melted off the oligo
at 70° C for 5 min and the beads removed. The SL pulldown from the small RNA
fraction was transferred to a 3000 NMWL regenerated cellulose Amicon spin filter
(Millipore, Billerica, MA). The removed 5’ cap was enriched by increasing the
sample volume with 500 pl decapping buffer and passing the sample through the filter
at 10,000 x g twice. The resultant samples from the U4 pulldown and the isolated
caps and decapped substrates from the two SL pulldowns were lyophilized and
prepared for compositional analysis.

Compositional analysis of purified RNAs

Each purified RNA sample was aliquoted to a final concentration of 0.73
ng/pl, 7.3 ng in 10 pl of RNAse free water and 10 pg/ul, 100 pg in 10 pl, of
isotopically labelled ['*C][!°N]-guanosine as internal standard. Each individual
sample underwent two-step enzymatic hydrolysis followed by ultra-high performance
liquid chromatography (UHPLC) tandem mass spectrometry (MS/MS) method as
previously described (ref).! The first part of the digestion involves an endonucleolytic
cleavage to yield 5'-phosphate with nuclease P1. One unit of nuclease P1 from
Penicillium citrinum (Sigma-Aldrich) was added to each sample and incubated
overnight at 37 °C. The second step of the hydrolysis was performed by the addition
of a unit of bacterial alkaline phosphatase from E. coli (Sigma-Aldrich) at 37 °C for 2
h. This enzyme specifically cleaves the 5'-phosphate from the nucleoside resulting in
individual nucleosides and inorganic phosphate. The nucleoside products were
lyophilized and reconstituted in 40 ul of RNAse free water (18.0 MQcm™') containing
0.01 % formic acid prior to UHPLC-MS/MS analysis.

Nucleoside mixture products from hydrolysis were subject to chromatographic
separation on a Waters Acquity I-Class UPLC™ (Waters, USA) equipped with a
binary pump and auto-sampler maintained at 4 °C. A Waters Acquity UPLC™ HSS
T3 guard column (2.1 x 5 mm 1.8 um) followed a HSS T3 column (2.1 x 50 mm 1.7
pum). Column temperature was set at 25 °C. The mobile phases included RNAse-free
water (18.0 MQcm™) containing 0.01% formic acid pH 3.5 (Buffer A) and 50 %
acetonitrile in aqueous 0.01 % formic acid (Buffer B). Flow rate was set up at 0.2
ml/min and a gradient applied as described previously.!

Tandem MS analysis of nucleosides provides a second dimension analysis
whereby the induction of collision energy as the protonated molecular ion [MH"]
passes through the collision cell will produce a specific secondary ion or product ion
[BH2"]. Generally, the protonated nucleoside, molecular ion [MH], is fragmented at
the glycosidic bond providing the protonated nucleobase, product ion [BH>"] and the
neutral sugar residue. Tandem MS analysis was performed on a Waters XEVO TQ-
S™ (Waters, USA) triple quadrupole mass spectrometer equipped with an
electrospray ionization (ESI) source maintained at 150 °C and the capillary voltage
was set at 1 kV. Nitrogen was used as the nebulizer gas which was maintained at 7
bars of pressure, flow rate of 500 1/h and a temperature of 500 °C. UPLC-MS/MS
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analysis was determined in ESI positive-ion and multiple reaction monitoring (MRM)
mode with retention times and corresponding molecular and product ion pairs
[MH"])/[BH,"] as input parameters.

Quantitation of the 35 nucleosides, 4 majors and 31 modifications, was
performed using standard curves with concentration ranging between 0.05 and 100
pg/ul of pure nucleosides and isotope-labelled internal standard ['*C][!°N]-guanosine.
Concentrations of nucleosides were calculated following Beer-Lambert law where the
extinction coefficient was itself calculated at the absorbance maximum nearest 260
nm rather than as the standard 260 nm as most of the nucleosides have peak maxima
that differs from that at 260nm.

To determine the presence of RNA modifications from RNA extracts and to
quantify them, we performed UHPLC-MS/MS measurements. A negative control
sample was included in the data set to account for background signal from possible
modifications part of enzyme’s background that could interfere with nucleosides of
interest. The negative control contained the enzymes, internal standard and reagents
used during the enzymatic digestion. After digestion each sample was lyophilized and
reconstituted in RNAse free water (18.0 MQcm™) containing 0.01 % formic acid to a
final concentration of 180 pg/ul of RNA and 1 pg/pl if internal standard. A blank
sample containing water in 0.01 % in formic acid solution was analyzed between each
sample to avoid cross-contamination. Each sample type included 3 biological
replicates and 3 technical replicates to account for instrument variability. From the 31
RNA modifications included in the UHPLC-MS/MS method, 10 were detected above
their limit of detection, including mostly methylations and pseudouridine. Those
modifications below the limit of detection were excluded from the results. Since it
was not possible to take total RNA through the streptavidin based enrichment process
to use as a negative control, modified RNAs detected in the sample that contained the
isolated m’G cap were used to normalize other samples. Since these other residues
are theoretically degraded RNA moieties carried through the enrichment process, they
were our best estimate for the levels of modifications in the total RNA pool used,
mainly ribosomal and mRNAs.

Identification of Amphidinium carterae cap structure and RNA modifying genes

The capping on an mRNA or theoretically the spliced leader RNA occurs by three
enzymes: an RNA triphosphatase, a guanyl transferase, and a methyl transferase that
are found separate or as various fusions when looking at metazoans, fungi, or viruses
(Shuman, 2002; Wang, Deng, Ho, & Shuman, 1997). BLAST searches were
performed as an early screen to identify contigs in the A. carterae transcriptome with
the necessary domains to perform the capping reactions. RNA 5’-triphosphatases
were common, possibly performing roles in poly-phosphate storage, and further
screening was performed to identify open reading frames with the Cetl domain that
had high identity to the Plasmodium falciparum 5’-RNA triphosphatase (Gong,
Smith, & Shuman, 2006). In addition to methyl transferases involved in capping,
additional 2’-Oo-methyl transferases were examined for possible roles in spliced
leader modifications similar to those found in trypanosomes (Mittra et al., 2008).
Candidate contigs were then used as queries to retrieve similar sequences from other
transcriptomes, and a phylogenetic tree was created using these and apicomplexan
sequences to verify the reconstruction of the organismal phylogeny.
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DCCGTAGCCATTTTGGCTCAAG

Figure 1. LOGO diagram of base proportions in the observed spliced leader sequenc-
es.

The relative proportion of nucleotides retrieved within 50 bases of the 5-prime end of
dinoflagellate transcripts is shown above the canonical spliced leader sequence from
Zhang et al 2007. The “anchor” sequence use to retrieve potential spliced leader sequenc-
es bioinformatically is shown in the right side consisting of “GCTCAAG”.
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Figure 2: Products recovered from total small RNA using biotinylated oligonucle-
otides complementary to the SL and U4 RNAs.

A virtual gel from an Agilent Bioanalyzer small RNA kit is shown with the size standard in
lane 1. SL (Lane 3) and U4 (Lane 6) containing sequences from a small RNA fraction
(<200 bases, Lane 2) were retrieved using biotinylated oligonucleotides complementary
to either SL or U4 RNA giving a major band at 64 and 69 bases, respectively. Small RNAs
with sequence complementary to the SL were subsequently treated with T2 RNAse (Lane
4) yielding a 22 base putative SL sequence and subsequent degradation products plus
some larger fragments. RNAs from the >200 base fraction were also pulled down with the
SL oligonucleotide and treated with RNAse A (Lane 5) yielding a 22 base putative SL and
some minor products at larger sizes.
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Figure 3. Modified bases in the 22-nucleotide SL, U4 snRNA, and decapping products.
A graph of the percent of each non-standard ribonucleoside from the total detectable bases
is shown with the specific moiety on the X axis and percent on the Y axis or “ND” when not
detectable. The first four classes are totals for each non-standard nucleoside followed by
specific moieties for which there were standards: 1-methyl adenosine (M1A), 6-methyl
adenosine (M6A), 5-methyl cytosine (M5C), 1-methyl guanosine (M1G), 7-methyl guanosine
(M7G), pseudouridine (Y), and 2,2,7-trimethyl guanosine (M227G). The RNAse A degrada-
tion of spliced leader isolates is shown in black, the U4 snRNA isolate is shown in light grey,
and the free nucleosides following decapping of the 22nt spliced leader are shown in dark
grey. Error bars represent triplicate compositional analyses from a single sample. Moieties
other than 7-methyl guanosine following decapping are likely contaminants from the total
RNA pool bound to the Sepharose beads used in sequence enrichment.
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