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Abstract 

Title: Discovery, Phylogenetic Analysis, and Functional Characterization of a Unique 

Family of Eukaryotic Translation Initiation Factor 4E, eIF4E, From Amphidinium 

carterae, a Marine Dinoflagellate 

Grant D. Jones, Doctor of Philosophy, 2016 

Dissertation directed by: Rosemary Jagus, Ph.D., Associate Professor and  

Allen R. Place, Ph.D., Professor  

University of Maryland, Center for Environmental Sciences, 

Institute of Marine and Environmental Technology 

 This study investigates the eIF4E family members in dinoflagellates. 

Dinoflagellates are eukaryotic algae with large genomes and a minimal role for 

transcriptional regulation. All mRNA in dinoflagellates is trans-spliced with a 22-

nucleotide 5'-spliced-leader sequence bearing a multi-methylated cap. Like other 

eukaryotes, dinoflagellates encode multiple eIF4E family members that are anticipated to 

fulfill a range of functions. Three distinct and novel clades of eIF4E have been 

recognized in dinoflagellates that are separate from the three metazoan classes of eIF4E. 

The dinoflagellate Amphidinium carterae encodes eight eIF4E family members while 

Karlodinium veneficum encodes fifteen eIF4E family members. I assayed six of these 

family members from A. carterae for expression levels, m7GTP binding, yeast knockout 

complementation and affinity for three mRNA cap analogs using surface plasmon 

resonance (SPR). Transcripts of each are expressed through a diel cycle, but only eIF4E-

1 family members and eIF4E-2a are expressed at the level of protein. Recombinant 

eIF4E-1 family members and eIF4E-3a, but not eIF4E-2a, are able to bind to m7GTP-



agarose beads. Of the clade 1 eIF4Es, only eIF4E-1a and -1d1 complement a S. 

cerevisiae strain conditionally deficient in functional eIF4E, consistent with their 

function as translation initiation factors. However, only eIF4E-1a can be recovered from 

A. carterae extracts by m7GTP affinity binding. Using SPR analysis, the affinity of A. 

carterae eIF4E-1a for m7GTP is lower than that of murine eIF4E-1A. By the same 

analysis, A. carterae eIF4E-1a has a higher affinity for m7GpppG than m7GTP. In 

addition, K. veneficum eIF4E-1a1 displays many of the same characteristics as A. 

carterae eIF4E-1a. Four eIF4E-1 and one eIF4E-2 family members from K. veneficum 

were characterized for m7GTP binding capacity, only the eIF4E-1 family members can be 

pulled down with m7GTP. Three eIF4E family members were tested for their ability to 

interact with a putative eIF4E-interacting protein, although none interacted. Overall, the 

eIF4E-1a sub-clade emerges with characteristics consistent with the role of a prototypical 

translation initiation factor. These initial analyses will allow for a better understanding of 

specific translational control of gene expression through mRNA recruitment in the unique 

dinoflagellate lineage. 
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Chapter 1 

Introduction 

Section 1.1 Dinoflagellates 

1.1.1 Dinoflagellates as alveolates 

 Dinoflagellates are a diverse group of protists found in marine and freshwater 

environments. Protists, as typically defined, are unicellular eukaryotes and represent the 

majority of eukaryotic diversity. The Tara Oceans Expedition has shown that, based on 

rDNA sequences, the number of dinoflagellates species is approximately equal to the 

number of metazoan species in abundance (De Vargas et al., 2015). Dinoflagellates fall 

within the lineage Alveolata, which contains three major clades: apicomplexans, 

dinoflagellates, and ciliates (Figure 1) (Bachvaroff et al., 2014). The divergence between 

the heterokonts and the alveolates is presumed to have occurred 950 million years ago 

(MA) (Douzery et al., 2004), and Medlin has used a molecular clock to date the 

divergence of the dinoflagellates from the apicomplexans at 650 MA (Medlin, 2010). 

Despite large morphological differences between these groups, they share several 

features, such as cortical alveoli (membranous sacs positioned beneath the plasma 

membrane), tubular mitochondrial cristae, micropores in the cell surface that ostensibly 

function in some form of pinocytosis, and a set of extrusive organelles (e.g. trichocysts) 

(Taylor, 1980). Yet, the divergence of dinoflagellates from other alveolates has included 

every character described in molecular and cellular biology, cytological organization, cell 

division, flagella arrangement, and lifestyle, yielding a group of organisms that has 

evolved to fit into many ecological niches (Hackett et al., 2004). 
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1.1.2 Dinoflagellate lifestyles 

 The majority of described dinoflagellates are free-living organisms in the marine 

plankton environment (Figure 1.2A, 1.2B, and 1.2C). A smaller percentage in the 

continental estuarine environment live closely associated with the benthos (Figure 1.2D). 

In general dinoflagellates can be divided into two major groups: 1) those that are 

presumed autotrophs, containing plastids; and 2) heterotrophic species of which several 

exhibit parasitic behavior (Gómez, 2012) (Figure 1.2A). Plastid-containing 

dinoflagellates have gone through multiple rounds of plastid acquisition and loss through 

Amphidinium carteraeKarlodinium veneficum

Figure 1.1 Phylogenetic relationships of alveolates, typical dinoflagellate cellular 
biology, and the morphology of the dinoflagellate Amphidinium carterae
A. According to a phylogenetic analysis of ~70 ribosomal proteins, the dinoflagellates are 
sister taxa to the ciliates and apicomplexans, with heterokonts as the outgroup 
(Bachvaroff et al., 2014). B. The typical dinoflagellate cell is demarcated by ampheismal 
vesicles identifying it as a member of the alveolates, but more specifically as a 
dinoflagellate by the condensed dinokaryon, two flagella, and peridinin plastid (Taylor, 
1980). C. Karlodinium veneficum and Amphidinium carterae are examples of this cellular 
architecture (Place et al., 2012 and ©Daniel Vaulot) 
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endosymbiosis (Field et al., 1998). This has yielded a basal group with peridinin 

containing plastids and more derived species that contain plastids from haptophytes, 

including fucoxanthin-containing Karenia brevis and Karlodinium veneficum (Wisecaver 

and Hackett, 2011). Heterotrophic species are the other predominant group and are 

important for carbon recycling at micro-organismal scales into the overall carbon cycle. 

In addition, there are mixotrophic species that appear to feed on other photosynthetic 

protists, becoming temporarily photosynthetic themselves as they use the consumed 

plastid (referred to as a kleptoplast) for energy production (Schnepf and ElbräChter, 

1999). While most described species are free-living, some species are parasitic (Figure 

1.2B), notably Hematodinium found in blue crabs (Stentiford and Shields, 2005). Indeed, 

the closest ancestors of dinoflagellates, perkinsids and apicomplexans, are parasites of 

oyster and human hosts, respectively. Among other hosts, the parasitic dinoflagellates 

have been shown to parasitize other dinoflagellates, and may play a significant, but 

incompletely understood role in the control of harmful algal blooms (HABs) 

(Chambouvet et al., 2008). A small but significant fraction of dinoflagellates serve as 

symbionts of other marine life (Figure 1.2B); most well studied is Symbiodinium in corals 

and giant clams (Lajeunesse, 2005). Their importance in coral communities can be seen 

when water temperatures approach 1-2°C above normal summer highs. Under such 

conditions, the corals lose their symbionts, leading to bleaching events and colony 

Figure 1.2. A quantitative assessment of dinoflagellate lifestyles
All described extant species of dinoflagellate can be divided based on their trophic and 
regional lifestyles. Figure adapted from Gómez 2012. 
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mortality. Amphidinium carterae is a particularly dispersed dinoflagellate and has been 

described as a truly cosmopolitan species, being reported from artic to tropical waters 

(Okolodkov, 1998; Fukuyo, 1981; Murray and Patterson, 2002). While important to the 

carbon cycle and as symbionts, the dinoflagellate attribute of most relevance to human 

health is their ability to produce a vast variety of organic compounds, some of which 

propagate up the food chain and cause toxicity. 

1.1.3 Dinoflagellates and harmful algal blooms (HABs) 

The term harmful algal bloom (HAB) is loosely defined. Blooms can be caused 

by a large diversity of micro- to macro-photosynthetic algae that undergo a sudden 

growth or transport event that disrupts aquatic and terrestrial life. The responsible 

organisms range from cyanobacteria (predominantly in freshwater lakes) to seaweed 

macroalgae, with dinoflagellates being a major contributor in the microalgae class, 

especially in marine and estuarine environments (Anderson et al., 2012). Perhaps the 

most well-known HAB organisms in the US (or in the Americas) are the microcystin-

producing cyanobacterial blooms of Lake Erie (Cheung et al., 2013) and the brevetoxin-

producing dinoflagellate Karenia brevis (Sengco, 2009). Both organisms recur annually 

and vary in severity based on seasonal weather patterns, nutrient input that is exacerbated 

by eutrophication, and as yet unknown factors. In the Maryland Chesapeake Bay there 

are HABs with direct effects on the local ecology and economy. In the 1990s, a series of 

oyster fisherman were hospitalized with short-term amnesia in an event known as 

Pfiesteria Hysteria. The dinoflagellate Pfiesteria piscicida was implicated as the 

causative agent, however it was actually another dinoflagellate Karlodinium veneficum 

that likely caused the event (Place et al., 2008). Karlodinium produces a suite of 
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ichthyotoxins referred to as karlotoxins (KmTx). These toxins have pore-forming 

properties in the gills of fish (Van Wagoner et al., 2008). Amphidinium carterae, the 

focus of this thesis, is another toxic dinoflagellate that makes similar amphipathic toxins 

called amphidinolides. Amphidinium species have been shown to produce greater than 

twenty structurally unique macrolides that have potential antitumor properties (Camacho 

et al., 2007). Unfortunately, the major obstacles to both commercial production as well as 

basic science are the challenges of growing dinoflagellates and developing consistent 

toxin-producing cultures. Along with their unique cell biology, inadequate knowledge of 

the genes involved in toxin synthesis are challenges to any future research on these 

organisms (Gallardo-Rodríguez et al., 2012). 

1.1.4 Protists and model organisms 

Much of our understanding of molecular biological processes comes from the study 

of yeast, fruit flies, and mice. These organisms have their advantages as model systems, 

being well-studied, genetically tractable, and relatively closely related to humans. They 

have provided many orthologous biochemical functions and tools that can be applied to 

human biology and disease. Indeed, these organisms may be good models to understand 

humans, but they are poor models to understand how the diversity of eukaryotic life, and 

in particular protists, function at the molecular level. Dinoflagellates are a prime example 

of the inadequacy of these models to make universal predictions, demanding a fresh 

approach.  

1.1.5 The most obvious deviation from eukaryotic models: the dinokaryon 

The dinoflagellate nucleus is so different from a typical eukaryotic nucleus it has 

been given its own distinct name: the dinokaryon (Spector, 1984). Dinoflagellate 
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genomes can range from 1.5 to 250 pg of DNA per haploid genome or 1/2-77 fold that of 

the human genome (LaJeunesse et al., 2005). For example, Amphidinium carterae has 32 

chromosomes with 5.9 pg of DNA per cell and a G:C content of 55.7 ± 2.2 % with 47.2 ± 

6.4 % of the thymine being 5-hydroxylmethyluracil (Herzog et al., 1982; Williams and 

Place, 2014). Their DNA is packaged into chromosomes that remain condensed 

throughout the cell cycle. Nuclear division is closed with a mitotic spindle that originates 

outside of the nuclear envelope. The DNA interior of the chromosomes forms a liquid 

crystal enriched in RNA, Ca2+, Mg2+, and other transition metals (Moreno Díaz de la 

Espina et al., 2005; Bhaud et al., 2000). The nucleus appears to lack the 1:1 DNA:protein 

ratio found in other eukaryotes, having instead a ratio of 10:1. Furthermore, the nucleus 

lacks observable nucleosomes by transmission electron microscopy (TEM) or after 

digestion with DNAse. Dinoflagellates encode and express the four core nucleosomal 

histones, H2A, H2B, H3, and H4, as seen in transcriptomic datasets (Lin et al., 2010; Roy 

and Morse, 2012; Bayer et al., 2012). However, the conventional histone proteins are 

expressed at too low a level to account for a role in major organization of DNA (Chan 

and Wong, 2007; Gornik et al., 2012). Instead, a histone-like protein, known as major 

basic nuclear protein, appears to have displaced much of the DNA packaging functions of 

histones. Despite these unique features, the dinokaryon possesses telomeres that 

regenerate linear DNA ends (Fojtová et al., 2010) as is usual for eukaryotic genomes. 

1.1.6 Dinoflagellate genetics 

The dinokaryon is a eukaryotic nucleus with an extreme genetic content. Genes 

appear to be duplicated to give anywhere from 1 to 5,000 copies per genome, depending 

on the species and the gene (Hou and Lin, 2009). Complicating the dinokaryon further, 
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gene copies can vary substantially at the nucleotide level, although these seem to be 

mostly synonymous substitutions (Bachvaroff and Place, 2008; Beauchemin et al., 2012). 

Prior to the availability of transcriptomic data, it had been recognized that certain genes, 

such as those for luciferin-binding protein (LBP), are present at high copy number in the 

genome and appear to be organized into tandem arrays (Machabée et al., 1994). 

Bachvaroff et al. followed up on these studies, devising an outward facing primer 

strategy to analyze the number and diversity of actin gene copies in A. carterae 

(Bachvaroff and Place, 2008). Certain genes, especially those with high expression 

levels, are found in tail-to-head arrangement. This analysis also captured the typical size 

of the 5’ UTR (165 bp), 3’ UTR (72 bp), and intergenic region (283 bp) for a gene held in 

a tandem array (Bachvaroff and Place, 2008). In a subsequent attempt by Shoguchi et al. 

to assemble the genome of Symbiodinium, it was found that the typical intergenic region 

is on average 2064 bp long, and only ~10 % of genes are arranged in tandem arrays 

(Shoguchi et al., 2013).  

Complicating our understanding of transcription in dinoflagellates is the general 

lack of transcription factors and transcription factor binding sites, e.g. TATA boxes 

(Guillebault et al., 2002; Shoguchi et al., 2013; Lin et al., 2015), but the rest of the 

transcriptional machinery appears to be intact [reviewed in (Roy and Morse, 2013)]. 

Transcription appears to be active on extra-chromosomal DNA loops, while the interior 

of the chromosome is transcriptionally silent (Spector, 1984). Currently, there is little 

consensus on whether the tandem arrays of gene copies are transcribed as continuous 

units, classically referred to as a polycistron (or operon), or if each gene is independently 

transcribed from a specific initiation site. Beauchemin et al. compared gene copy number 
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and transcript abundance, reasoning that if a gene array was transcribed as a continuous 

unit, then copy number should dictate transcript level. They examined five genes in 

detail, PCP, LBP, LUC, PKA, and cyclin, finding only PKA and PCP close to a 1:1 

transcript:gene copy ratio, while the rest varied by 100-1000 fold (Beauchemin et al., 

2012). They concluded that while genes do seem to be held in tandem arrays, they are not 

polycistronic. This conclusion still needs clarification considering that no consensus 

transcription factor binding sites have been found to support either mechanism 

(Guillebault et al., 2002; Shoguchi et al., 2013; Lin et al., 2015). Regardless of the gene 

copy:transcript level correlation, post-transcriptional control of gene expression appears 

to be the level at which dinoflagellates operate. 

1.1.7 Dinoflagellate gene expression at the transcript level 

Numerous studies have concluded a lack of expression regulation at the level of 

transcription in dinoflagellates (Morse et 

al., 1989; Milos et al., 1990; Hastings, 

2007; Van Dolah et al., 2007; Morey et 

al., 2011; Brunelle and Van Dolah, 2011; 

Roy et al., 2014). The later studies have 

reaffirmed conclusions dating back to the 

1980s, where Morse et al. investigated the 

luminescence patterns of Lingulodinium 

polyedrum (then referred to as Gonyaulax 

polyedrum) (Morse et al., 1989). They 

found the proteins luciferase and 
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luciferase-binding protein showed strict expression during the dark portion of a diel 

cycle, while the mRNAs encoding these proteins were expressed constitutively over the 

entire diel cycle (Figure 1.3). Van Dolah et al. followed up on these studies by 

engineering a microarray containing probes to 4,629 unique Karenia brevis genes to 

examine global expression patterns over an entire diel cycle exposed to various levels of 

light (Van Dolah et al., 2007). They concluded that there were few significant changes in 

transcript expression above a 1.7-fold cutoff. This was followed up by further studies 

using a microarray containing 10,263 probes and RT-qPCR, again finding that there were 

few transcript level changes in response to nutrient depletion or in response to the cell 

cycle (Morey et al., 2011; Brunelle and Van Dolah, 2011). More studies have since used 

high-throughput mRNA sequencing of various dinoflagellate species, with no consistent 

changes in transcript level that could be associated with a typical response to an 

environmental condition (Moustafa et al., 2010; Roy et al., 2014). These studies conclude 

that some form of post-transcriptional control appears to be the main mechanism of gene 

expression in dinoflagellates. Interestingly, these studies as well as several convergent 

characteristics have pointed to trypanosomes as a potential model for gene regulation in 

dinoflagellates, as they also carry genes in tandem arrays that appear to be constitutively 

expressed and trans-spliced with a spliced leader RNA (Lukevs et al., 2009).  

1.1.8 Mechanisms of mRNA trans-splicing  

  Eukaryotic genes are typically interrupted by non-coding sequences called introns 

that must be removed in the mature transcript. Intron splicing, or cis-splicing, is a well-

described molecular mechanism in eukaryotes, whereby two exons on the same strand of 

mRNA are joined together, removing the intron region between them. This results in the 
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smooth transition of one exon junction into another, maintaining the frame of the original 

gene. Spliceosomal factors splice out the intron in the nucleus either co-transcriptionally 

or immediately after transcription, with the intron released as a lariat that is degraded. 

Alternative splicing occurs when exon/intron junctions are skipped, instead joining two 

non-adjacent exons together to give alternative versions of the transcript that can have 

major biological significance (Lee and Rio, 2015). These same splicesosomal complexes 

are used to carry out trans-splicing. 

 Trans-splicing joins exons from two discontiguous primary mRNA transcripts 

[Reviewed in (Lasda and Blumenthal, 2011)]. This is sorted into two main categories: 

genic trans-splicing and spliced leader trans-splicing (Summarized in Figure 1.4). In 

brief, genic trans-splicing 

results in the joining of two 

different RNA transcripts 

pieced together at specific 

sites (forming a two-gene 

fusion). It is possible that 

genic trans-splicing occurs 

in dinoflagellates, although 

specific examples have yet 

to be found. Spliced leader (SL) trans-splicing is similar mechanistically but instead joins 

the 5ʹ end of a specialized RNA with another mRNA at or near the 5ʹ end, thus becoming 

the new 5ʹ end of that mRNA. During this reaction, which is mediated by many of the 

same splicesosome components as cis-splicing (except U1), the 3ʹ-SL intron is removed 

Figure 1.4. Three major types of splicing in eukaryotic 
organisms, cis-, SL trans-, and Genic trans-splicing
a) Cis-splicing joins exons on the same mRNA. b) SL 
trans-splicing joins the 5´ end of one RNA to the 5´ end of 
another. c) Genic trans-splicing joins genes together. 
Figure from Lasda and Blumenthal 2011. 
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as a Y-branched product, analogous to the lariat products of cis-splicing, and degraded 

(Figure 1.5). In addition, at the new 5ʹ end, the SL also brings the already formed cap 

structure necessary for transcript stability against 5ʹ-3ʹ exonuclease activity.  

 

SL trans-splicing was first discovered in trypanosomes (Murphy et al., 1986; 

Sutton and Boothroyd, 1986). Since then, many species across eukaryotic lineages have 

been discovered to undergo SL trans-splicing, although this appears to be the result of 

convergent evolution (Lasda and Blumenthal, 2011). While it is unclear how SL trans-

splicing may have arisen in multiple evolutionary lineages, the characteristics they share 

include organization of genomes into operon-like architectures, constitutive transcription 

of genes, and variations on the canonical methyl-7-guanosine (m7GTP) mRNA cap 

structure.  

1.1.9 Trans-splicing in Caenorhabditis elegans 

Many of the species that undergo spliced leader trans-splicing have an operon-

like genomic architecture (Blumenthal, 2004; Shoguchi et al., 2013). Operons, by 

definition, are tandemly arranged genes transcribed from a single promoter (Lasda and 

Blumenthal, 2011). As an operon is transcribed, each gene in the array can be separated 

from each other through trans-splicing and polyadenylation (Figure 1.5 and 1.6). 

Figure 1.5. Trans-splicing joins together two dis-contiguous RNA molecules, while 
cis-splicing removes intron regions from mRNA
The spliced leader RNA gene provides a uniform sequence and cap structure to the 5´ end 
of each mRNA molecule. The SL intron as well as regular introns are removed as 
Y-branched products or lariats, respectively. Figure from Lasda and Blumenthal 2011. 
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However, the degree to which an organism holds its gene in arrays and the modifications 

it makes to the 5’ mRNA cap structure varies considerably [reviewed in (Lasda and 

Blumenthal, 2011)].  

 C. elegans is a well-studied model organism that keeps about 15% (~2,600) of its 

genes in co-transcribed operons that are grouped by functional relationships, e.g. those 

involved in transcription, splicing, and translation (Blumenthal et al., 2002). Each operon 

contains up to eight genes with an average of about 2.6 genes (Blumenthal and Gleason, 

2003; Blumenthal, 2004). C. elegans trans-splices about 70 % of its mRNA with one of 

two 22-nt spliced leaders (SL1 or SL2) carrying a trimethylated-guanosine (TMG) cap 

structure at the 5’-end (Allen et al., 2011). This nematode uses each class of SL 

differentially, with SL1 used for outrons and SL2 specifically for downstream operon 

genes (Huang and Hirsh, 1989). In contrast, a related nematode Ascaris suum uses only 

one SL for both situations (Nilsen et al., 1989). Regardless of the SL used, both the TMG 

cap and SL sequence are required for efficient translation in cell free extracts in A. suum 

(Maroney et al., 1995; Lall et al., 2004; Liu et al., 2011). 

1.1.10 Trans-splicing in trypanosomes 

Trypanosomes are protists from the phylum Euglenozoa, within the order 

Kinetoplastida. The most well-characterized trypanosomatids are those from the genus 

Leishmania and Trypanosoma both of which are pathogens of humans and other animals. 

In contrast to C. elegans, trypanosomes appear to arrange all genes, regardless of 

functional relationships, into large directional gene clusters (DGCs) that contain protein-

coding genes organized into a head-to-tail orientation [reviewed in (Daniels et al., 2010)]. 

Transcription is constitutive and appears to transcribe a DGC of mean length 153 (T. 
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brucei) to 180 (L. major) kilobases long, containing 55 to 46 genes, respectively (Thomas 

et al., 2009). All genes in the DGCs are divided by trans-splicing (Figure 1.6) 

with a 39-nt spliced leader exon (Liang et al., 2003) that contains a multi-methylated cap-

4 structure with m7GTP at the 5ʹ end (Bangs et al., 1992). While not much progress has 

been made in understanding specific control of translation, it has been shown that 

trypanosomes have evolved a novel set of eIF4E family members that have specificity for 

the cap-4 structure (Yoffe et al., 2006; Freire et al., 2014). This is elaborated on further in 

Figure 1.6. Genomic arrangement is unique to organisms that trans-splice genes
Tandem gene arrangement in one direction is a reoccurring theme in organisms that 
trans-splice genes. Figure adapted from Shoguchi et al. 2013. 
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Section 2 of this chapter. This style of gene architecture, gene array transcription, trans-

splicing mechanism, and mRNA cap modification has been described as being the most 

similar to what has evolved in the dinoflagellates (Lukevs et al., 2009).  

1.1.11 Trans-splicing and mRNA half-lives in dinoflagellates 

Trans-splicing of dinoflagellate mRNA was first described, nearly 

simultaneously, in 2007 by two groups (Lidie and van Dolah, 2007; Zhang et al., 2007). 

In these studies, a conserved 22 nucleotide (nt) sequence was found in the 5´ UTR of 

multiple dinoflagellate cDNA datasets and confirmed by northern blot and 5´ RACE-

PCR analysis. This was confirmed independently using two cDNAs libraries 

(approximately 35,000 cDNAs divided among the two libraries), derived from transcripts 

recovered at mid-light and mid-dark time points on the diel cycle of an A. carterae (1314) 

culture (Figure 1.7).  

 

Spliced LeaderAdaptor

DCCGUAGCCAUUUUGGCUCAAG
D=U,A,or G

DCCGUAGCCAUUUUGGCUCAAG
D=U,A,or G

A. carterae 
Light

A. carterae
Dark

Figure 1.7 The consensus 5’ mRNA sequence found in >30,000 cloned cDNAs from 
A. carterae 
The 5´ cDNA sequence is identical to the SL sequence described in all dinoflagellated 
species surveyed (Zhang 2007, Lidie 2007).
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The consensus sequence, D(U, A, or G)CCGUAGCCAUUUUGGCUCAAG, is 

identical to that described by Lidie et al. and Zhang et al. in all cDNAs. The variation 

observed is likely due to the lack of full-length cDNA clones. However, there was no 

substantial difference in the sequence between mid-night and mid-day cDNAs (Figure 

1.7) (unpublished data, Place et al., NSF Microbial Genome Sequencing Program award 

#EF 0626678, “Dinoflagellate full-length cDNA sequencing”). The mature SL-RNA 

itself was identified as either being 56 (Zhang et al., 2007) or 150 (Lidie and van Dolah, 

2007) nt in length, with the authentic size of the SL-RNA in dispute (Zhang et al., 2009). 

The SL gene appears to be held in repeats between copies of the 5S rRNA or tRNA genes 

(Zhang et al., 2009; Lidie and van Dolah, 2007), similar to what has been observed for 

trypanosome SL RNA genes (Drouin and De Sa, 1995). The identity of the 5´ cap 

structure was not determined in these studies, but was theorized to be similar to the cap-4 

structure found on trypanosome SLs (Lidie and van Dolah, 2007), especially considering 

the many similarities shared by dinoflagellates and euglenozoa (Lukevs et al., 2009). 

This is particularly important considering trypanosomes also carry an extended eIF4E 

family, each with a differing affinity for either the cap structure or eIF4E-interacting 

proteins (Dhalia et al., 2005; Yoffe et al., 2006; Clayton and Shapira, 2007; Freire et al., 

2014; Freire et al., 2011). 

No correlation could be found between gene function and possession of a spliced 

leader, except that the majority of SL containing transcripts had an unassigned function 

(Lidie and van Dolah, 2007; Zhang et al., 2007). However, when mRNA half-lives were 

analyzed it was found that mRNAs encoding core processes, e.g. energy generation and 

transport, were significantly enriched in extremely long half-life populations (>72 hours) 
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(Morey and Van Dolah, 2013). In contrast, mRNAs encoding transcription and stress 

response were more highly represented among shorter lived transcripts (~24 hours) 

(Morey and Van Dolah, 2013). This assay used a pulse of 4-thiouracil (4tU) RNA to label 

active transcription and thiol-biotinylation to capture labeled transcripts and a microarray 

to measure abundance over a time course. They confirmed this result for specific 

transcripts by inhibiting transcription with actinomycin D and performing RT-qPCR 

measurements. They found that some transcripts appeared to have long half-lives, e.g. 

64.1 hours for β-tubulin (Morey and Van Dolah, 2013). Unfortunately, this assay does 

not capture de novo synthesis of specific RNA, but rather only global transcript levels. 

They followed up by confirming that de novo synthesis of RNA, as measured by 4-

thiouracil (4tU) incorporation, could not account for the responses seen in the study 

(Morey and Van Dolah, 2013). This is in agreement with Roy et al. who analyzed 

transcript abundance in response to a circadian cycle and found no rhythmic changes in 

abundance, again asserting a lack of transcriptional control of mRNA levels (Roy et al., 

2014).  

Overall, dinoflagellates have incorporated tandem array genomic organization, 

constitutive transcript expression, and trans-splicing into their gene expression strategy. 

As in other organisms that trans-splice, it is still unclear how exactly specific protein 

expression is controlled. However, another possible rate-limiting step of gene expression 

after transcription is translation initiation, which may hold the key to regulation of gene 

expression in these organisms.  
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Section 1.2 Translational Control of Gene Expression 

1.2.1 The central dogma of molecular biology 

 The central dogma of molecular 

biology is a conceptual hypothesis put 

forward by Francis Crick (Crick, 1970) 

after the discovery of the genetic code. 

Essentially, this doctrine outlined the 

possible routes of information transfer 

between the three main polymers found in 

a living cell: DNA, RNA, and protein (Figure 1.8). DNA serves as the genetic repository 

for information, which is copied dutifully from and into itself. RNA serves as the 

intermediary polymer allowing genetic information to be copied (transcribed) many times 

without disturbing the genomic archive integrity. RNA is translated from a triplet code 

made up of four nucleotides to a new polymer of 20 possible amino acids. Special 

instances can allow for the back transfer of information between RNA and DNA, through 

the use of RNA-dependent-DNA-polymerases, or for RNA to copy itself, using RNA-

dependent-RNA-polymerases (Shown as dashed lines in Figure 1.8). However, these are 

usually associated with viruses or telomere elongation. The most unusual case of 

information transfer can occur directly between DNA and protein, but this has only been 

found in artificial circumstances using cell free systems treated with specific antibiotic 

compounds (Uzawa et al., 2002). This conceptual hypothesis was revolutionary for its 

time, but has become the accepted and supported model. In modern molecular biology, 

the focus is no longer necessarily what holds and transmits genetic information, but, 

Figure 1.8. The Central Dogma of 
Molecular Biology  Figure from Crick,1970
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rather, when that genetic information is transmitted from one state to the next and how 

this process is regulated at each level? 

Dinoflagellates have pushed the limits of a central dogma based on understanding 

model biological systems (Lukevs et al., 2009). Genomic DNA per cell is many times 

that of a human cell such that replication of the genome is a phenomenon itself. Genetic 

information appears to constantly be expressed at the RNA level with mRNA of each 

gene present all the time and all mRNAs levels coordinated only globally. There are 

instances of what appears to be reverse transcription of mRNA, containing the spliced 

leader, back into the genome (Slamovits and Keeling, 2008). This may account for the 

level of duplication seen for some genes. However, my work focuses on how an organism 

regulates the translation of specific genes when mRNA is present constitutively. For this I 

chose to look at the next rate limiting step in gene expression, translation initiation. 

1.2.2 Eukaryotic translation initiation 

In eukaryotes, the separation of transcription sites (the nucleus) from translation 

(the cytoplasm) led to mechanisms to shuttle the transcripts into the cytoplasm and to 

provide for their protection against degradation (Hernández, 2009). The 5’-cap structure 

provides both, the 5’-5’ linkage giving protection from 5’-exonucleases and through 

binding to the novel eukaryotic initiation factor eIF4E (Franks and Lykke-Andersen, 

2008; Balagopal and Parker, 2009). Protection of mRNA from degradation is also 

provided by polyadenylation at the 3'-end and binding to poly(A)-binding proteins 

(PABPs) (Schwartz and Parker, 1999). eIF4E also functions to recruit mRNAs to the 

ribosome through coordinated interaction with eIF4G and PABPs [reviewed (Gingras et 

al., 1999; von der Haar et al., 2004; Aitken and Lorsch, 2012; Hinnebusch, 2012)]. 
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Translation is both a sequential and cyclical process, requiring a pool of 

ribosomal subunits either newly synthesized or derived from recycling of previously 

translating ribosomes. The small ribosomal subunit forms a 43S preinitiation complex 

(PIC) by associating with the eukaryotic initiation factors eIF3, eIF1, eIF1A, and eIF5 as 

well as eIF2 bound to GTP and loaded with a charged Met-tRNAi (Figure 1.9, Step 3). 

The 43S PIC is targeted to the capped 5’-end of the mRNA through the interaction of the 

cap binding protein, eIF4E, along with the scaffold protein, eIF4G, the DEAD/H-box 

helicase eIF4A, and eIF4B, (also eIF4H in mammals) (Figure 1.9. Step 4 to 5) [reviewed 

(Aitken and Lorsch, 2012; Hinnebusch, 2012)]. Binding sites in eIF4G for either eIF3 (in 

mammals) or eIF5 and eIF1 (in yeast) facilitate recruitment of the 43S PIC to eIF4E 

bound at the cap structure (Figure 1.9. Step 5) (Yanagiya et al., 2009; Hinnebusch et al., 

2007). In some, but not all, eukaryotes, eIF4G also harbors a binding site for the poly(A)-

binding protein (PABP) that, together with RNA binding domains in eIF4G, increases the 

stability of the assembly of eIF4E, eIF4G and eIF4A to the 5' end of mRNA and 

promotes circularization of mRNA. The circularization of mRNA is termed the “closed 

loop” model of translation, bringing the termination complex in close proximity to the 

initiation complex and thought to improve initiation efficiency in repeated rounds of 

translation (Wells et al., 1998; Gebauer and Hentze, 2004; Jackson et al., 2010). The 

“closed-loop” conformation is assumed to be crucial for efficient recruitment of the 43S 

PIC. However, eliminating the PABP-eIF4G interaction by deletion or mutation of the 

PABP-binding domain in eIF4G is not lethal in S. cerevisiae and deletion of the PABP- 

binding domain has no effect on yeast cell growth provided that the RNA-binding region 

in the amino terminus of eIF4G1 is intact (Park et al., 2011).  
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 Once loaded on the mRNA, the 43S complex scans for the appropriate AUG start 

codon (Figure 1.9, Step 6). During scanning, the 5’UTR of mRNA is held within a 

channel on the 40S ribosome (Pisarev et al., 2008). The mRNA slides through this 

channel, formed by the body and the head of the 40S subunit (the latch), along with eIF1 

and eIF1A (Weisser et al., 2013). The channel ensures scanning processivity by keeping 

the mRNA unstructured and properly oriented for ‘inspection’ of the nucleotide sequence 

in the ribosomal partial P-site by the anticodon on the initiator tRNA (Lomakin and 

Steitz, 2013). The initiator tRNA ‘inspects’ or scans the mRNA by attempting to 

establish Watson–Crick base pairing between its anticodon and a nucleotide triplet of 

mRNA moving through the P-site. Base pairing between the anticodon of Met-tRNAi and 

the AUG in the peptidyl-tRNA (P) site of the 40S subunit provides the initial event in 

start codon recognition (Lomakin et al., 2006; Kolitz et al., 2009; Hinnebusch, 2011; 

Lomakin and Steitz, 2013). This event causes the hydrolysis of the eIF2-bound GTP 

through the action of eIF5 (a GTPase-activating protein). However, GDP and Pi remain 

associated with eIF2 until initiation codon recognition (Figure 1.9, Step 7) (Algire et al., 

2005; Nanda et al., 2013). Hydrolysis of eIF2-bound GTP is the key step that commits 

the 43S complex to initiation at a particular start codon. Completion of the reaction by 

phosphate (Pi) release, and accommodation of Met-tRNAi in the P site, requires 

additional steps triggered by AUG recognition, including eIF1 dissociation from the 40S 

subunit and conformational rearrangements involving eIF5, eIF1A, eIF2β, and eIF3c. 

This is mediated by eIF5B, a ribosome-dependent GTPase that binds to the complex and  

orients the acceptor stem of Met-tRNAi towards the P-site on the 60S subunit to facilitate 

subunit joining. (Figure 1.9, Step 8) (Pisareva and Pisarev, 2014) [reviewed in (Graifer  
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Name 

Number of 
subunits and 
their 
molecular 
mass (kDa) Function 

eIF2 
3 (36.1, 38.4 
and 51.1) 

Forms a ternary complex with initiator tRNAi and GTP. Plays 
a key role in start codon selection. 

eIF3 13 (800 total) 

Binds 40S subunits, eIF1, eIF4G and eIF5; stimulates binding 
of eIF2–GTP–Met-tRNAi to 40S subunits; promotes 
attachment of 43S complexes to mRNA and subsequent 
scanning; and possesses ribosome dissociation and anti-
association activities, preventing joining of 40S and 60S 
subunits 

eIF1 1 (12.7) 

Ensures the fidelity of initiation codon selection; promotes 
ribosomal scanning; stimulates binding of eIF2–GTP–Met-
tRNAi to 40S subunits; and prevents premature eIF5-induced 
hydrolysis of eIF2-bound GTP and Pi release 

eIF1A 1 (16.5) 

Stimulates binding of eIF2–GTP–Met-tRNAi to 40S subunits 
and cooperates with eIF1 in promoting ribosomal scanning 
and initiation codon selection. Involved in recruitment of 
eIF5B 

eIF4E 1 (24.5) Binds to the m7GpppG 5′ terminal 'cap' structure of mRNA 
eIF4A 1 (46.1) DEAD-box ATPase and ATP-dependent RNA helicase 

eIF4G 1 (175.5) 

Variable structure and function across eukaryotic lineages. In 
mammals, binds eIF4E, eIF4A, eIF3, PABP, SLIP1 and 
mRNA and enhances the helicase activity of elF4A 

eIF4B 1 (69.3) 
An RNA-binding protein that enhances the helicase activity of 
eIF4A 

eIF4H 1 (27.4) 
An RNA-binding protein that enhances the helicase activity of 
eIF4A and is homologous to a fragment of eIF4B 

eIF5 1 (49.2) 

A GTPase-activating protein, specific for GTP-bound eIF2, 
that induces hydrolysis of eIF2-bound GTP on recognition of 
the initiation codon 

eIF5B 1 (138.9) 
A ribosome-dependent GTPase that mediates ribosomal 
subunit joining 

eIF2B 

5 (33.7, 39.0, 
50.2, 59.7 and 
80.3) 

A guanosine nucleotide exchange factor that promotes GDP–
GTP exchange on eIF2 

PABP 1 (70) Binds poly(A) and eIF4G (Kühn and Wahle, 2004) 

Table 1.1 Eukaryotic Initiation Factors 
These are the generally accepted essential initiation factors required for translation 
initiation to occur. Table adapted from Jackson et al. 2010 
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and Karpova, 2015)]. eIF2-GDP dissociates from the PIC, probably in a complex with 

eIF5, and joining of the large (60S) subunit is catalyzed by eIF5B to produce an 80S 

initiation complex (IC) that is competent for protein synthesis [reviewed (Hinnebusch, 

2011).  

Once the 60S subunit pairs with the 40S subunit, and the initiation factors are 

released, the fully formed 80S initiation complex is competent to proceed to elongation 

and eventually termination of translation (Figure 1.9, Step 9). At this point release factors 

and ribosomal recycling factors allow for this cyclical process to start over (Figure 1.9, 

Step 1). Each of the initiation factors is described and their empirically determined 

functions are listed in (Table 1.1). 

1.2.3 The eukaryotic translation initiation factor 4E 

 eIF4E is an essential translation initiation factor that functions to recruit mRNAs 

to the ribosome through its coordinated interaction with eIF4G and PABPs [reviewed 

(Gingras et al., 1999; Von 

der Haar et al., 2004; 

Jackson et al., 2010; Aitken 

and Lorsch, 2012; 

Hinnebusch, 2012)]. Both 

the 5’ cap structure and the 

α-helix/β-sheet fold of 

eIF4E appear to be 

eukaryotic innovations with 

no direct homologous 

Figure 1.10 Murine eIF4E in complex with m7GDP
The mRNA cap binding protein eIF4E consists of 8 strand 
β-sheet and 4 α-helical loops that serves to sandwich the 
cap structure and interact with other initiation factors. 
Figure adapted from Marcotrigiano et al., 1997. 
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structures found in the prokaryotic or archeal kingdom (Aravind and Koonin, 2000). The 

tertiary structure of eIF4E has been described as a “cupped hand” with the interior 

serving as the mRNA cap binding region and the opposite exterior surface serving as the 

protein-protein interaction region (Figure 1.10) (Marcotrigiano et al., 1997; Niedzwiecka 

et al., 2002). The methyl-7-guanosine of the cap structure is sandwiched by cation-π 

stacking between two tryptophans, Trp-56 and Trp-102, using murine eIF4E numbering 

(Figure 1.11). Tryptophan-166 specifically recognizes the 7-methyl group on m7GDP 

(Figure 1.11a), but this interaction is lost when in complex with m7GpppG. Instead, it is 

the positive charge imparted to the guanine at position 7 that forms hydrogen bonds with 

Glu-103 giving eIF4E binding specificity over a non-methylated cap structure 

(Niedzwiecka et al., 2002).  

 

 The methyl-7-guanosine is linked to the rest of the mRNA chain by an inverted 

5’-5’ bridge. The triphosphate bridge serves as the second major eIF4E binding site. 

Figure 1.11 eIF4E residues involved in binding a) m7GDP and b) m7GpppG
eIF4E binds a methyl-7-guanosine with specificity through base stacking using Trp-56 

and Trp-102, hydrogen bonding to Glu-103, and salt bridges with Arg-157 and Lys-162. 

Figure adapted from Niedzwiecka, 2002. 
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Electrostatic interactions form between Arg-157 and Lys-162 and the α and β-phosphate 

groups serve as a molecular anchor, enabling the cap to further interact with the interior 

binding sites. It has been theorized that the phosphates serve as the first step in a two-step 

binding reaction, but this theory is still in dispute (Niedzwiecka et al., 2002; Slepenkov et 

al., 2006). Overall, the structure of eIF4E has evolved to efficiently recognize and bind 

the m7GTP cap structure. eIF4G, the scaffolding protein and other eIF4E-interacting 

proteins (eIF4E-IP) have regulatory roles in the translation of subsets of mRNA that 

recognize eIF4E.  

eIF4E is actually a family of proteins the members of which have differing roles 

in translational regulation (Joshi et al., 2005). Duplication of genes encoding eIF4E 

seems to have taken place very early during eukaryotic evolution and has given rise to a 

family of proteins that function, not only as prototypical initiation factors, but also as 

regulators of mRNA recruitment and localization [reviewed in (Joshi et al., 2005; Jagus 

et al., 2012; Hernández and Vazquez-Pianzola, 2005; Tettweiler et al., 2012)], covered in 

Section 1.2.7. Today, eIF4E and its relatives comprise a family of structurally related 

proteins within a given organism that fulfill a range of functions. Prototypical eIF4E is 

considered to be eIF4E-1 of mammals, eIF4E and eIF(iso)4E of plants, and eIF4E of S. 

cerevisiae. With the exception of eIF4E from protists, all eIF4E family members can be 

grouped into one of three classes (Joshi et al., 2005). Chapter 2 of this thesis serves to 

characterize a subset of protist eIF4E family members, those found amongst the alveolate 

lineage, with the goal of ascertaining which family member functions as a prototypical 

cap binding factor or a regulatory factor.  
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1.2.4 Regulation of eIF4E by eIF4E-binding proteins (4E-BPs) and eIF4E-interactive 

proteins (4E-IPs) 

 One of the most prominent mechanisms regulating eIF4E activity is through 

interaction with numerous proteins termed eIF4E-interacting proteins (4E-IPs). By 

competing with eIF4G for eIF4E binding using the same consensus motif, Y/TXXXXLφ 

(where φ indicates a hydrophobic amino acid), 4E-IPs act, in general, as translational 

repressors. The first 4E-IPs to be described were the small heat and acid stable 

mammalian eIF4E binding proteins, the 4E-BPs (Figure 1.12) [reviewed (Gingras et al., 

1999)]. The 4E-BPs are regulated by phosphorylation though the mTOR kinase pathway, 

maintaining the 4E-BPs in a highly phosphorylated and therefore inactive state. When 

cell stress is encountered, the mTOR pathway is inhibited, allowing the 4E-BPs to 

become hypo-phosphorylated and active for binding eIF4E (Gingras et al., 1998; Gingras 

et al., 2001) [reviewed in (Kamenska et al., 2014)]. 4E-BPs act as global regulators of 

protein synthesis, with more pronounced effects on mRNAs with stable secondary 

structure in the 5′ untranslated regions [reviewed in (Topisirovic et al. 2011)]. 

Unfortunately, much of what we know about regulation through 4E-BPs comes from 

studies in metazoans. Although 4E-BP appeared as a single-copy gene in the last 

common ancestor of Amoebozoa, Glaucocystophyta, Fungi and Metazoa, it has a 

restricted distribution in eukaryotic lineages (Hernández et al., 2016). With the exception 

of the glaucocystophytes, 4E-BPs is only found in the eukaryotic supergroup Unikonta 

which contains, fungi, metazoa, choanoflagellates and amoebozoa. Among the protist 

lineages, the distribution of 4E-BP is limited (Hernández et al., 2016).  
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 Additional eIF4E-interactive proteins (4E-IPs) are unrelated to 4E-BP, but share a 

similar eIF4E-binding motif and have evolved independently in a lineage-specific 

manner. Some 4E-IPs are shared by different taxa such as Cup/eIF4E transporter (4E-T), 

neuroguidin, and maskin, which are present in amoebozoa, fungi, and the metazoan 

lineages (Hernández et al., 2016). Unique lineage-specific 4E-IPs have evolved 

independently in some taxonomic groups such as Eap1p and p20 in yeasts, SPN-2 in C. 

elegans and Bicoid in Drosophila melanogaster (Hernández et al., 2016). Neuroguidin is 

the only 4E-IP represented in all eukaryotic lineages. 

 One of the most well characterized examples of the regulation of mRNA 

recruitment by 4E-IPs is that of Drosophila Cup. Cup is required for germ-cell formation 

and maintenance by coordinating the localization and translational repression of three 

mRNAs, oskar, nanos and gurken. Cup is recruited to the 3′ UTRs of mRNA targets via 
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Figure 1.12 4E-Interacting Proteins sequester eIF4E from the translation apparatus
4E-IPs compete for binding the same region of eIF4E as eIF4G, removing eIF4E from its 
role in translation, in the case of 4E-BPs, or sequestering specific mRNAs from transla-
tion as is the case for Cup and Maskin. Figure adapted from Topisirovic et al., 2011. 
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different RNA adaptor/repressor proteins that bind specifically to sequence/structural 

elements on RNA. Cup competes with eIF4G for binding to the cap-binding protein 

eIF4E and impairs the formation of the translation pre-initiation complex (Figure 1.12). 

In the case of oskar and gurken mRNAs, Cup is recruited to the mRNA through binding 

to eIF4E and to Bruno, which binds an BRE sequence in the oskar 3′ UTR (Kim-Ha et al. 

1995; Webster et al. 1997; Norvell et al. 1999; Filardo and Ephrussi 2003; Nakamura et 

al. 2004). In the case of nanos mRNA, Cup is recruited by the RNA-binding protein 

Smaug (Nelson et al. 2004). These are just a few examples of many where a series of 

binding partners to eIF4E have evolved to provide sequence specific regulation of 

translation at the post-transcriptional level (Sonenberg and Hinnebusch, 2009). 

1.2.5 Roles for eIF4E family members that do not function as translation factors 

Not all eIF4E family members serve as enhancers of translation like the 

prototypical eIF4E-1A characterized in mammalian models (Joshi et al., 2004). Joshi et 

al. divided the eIF4E family members into three classes (Joshi et al., 2005). Class I 

always contains the canonical eIF4E that participates in normal translation, but also 

contains members that are very similar but do not promote translation. Unlike the 

vertebrate eIF4E-1A, eIF4E-1B does not bind to eIF4G, but instead binds directly to the 

eIF4E transporter protein, 4E-T (Kubacka et al., 2013). eIF4E-1B can be found 

complexed with CPEB, RNA helicase Xp54, P100 (Pat1) and the eIF4E transporter (4E-

T) and is responsible for suppressing the translation of CPE-containing mRNAs 

(Minshall et al., 2007). The target mRNAs are specifically inhibited by weak binding of 

eIF4E-1B to the cap structure from its tether at the 3'-UTR. In the amphibian X. laevis, 
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eIF4E-1B is involved in translational repression in early oogenesis (Minshall et al., 

2007).  

Class II eIF4E family members, such as eIF4E-2 (also called 4EHP) have been 

shown to regulate specific mRNA recruitment in Drosophila (Cho et al., 2005), C. 

elegans (Dinkova et al., 2005) and mouse embryos (Morita et al., 2012). During 

Drosophila embryogenesis and oogenesis, eIF4E-2/4EHP, but not eIF4E-1A, interacts 

with the transcriptional factor Bicoid (Bcd) a Hox protein. Binding of Bcd to the 3´-UTR 

of caudal mRNA recruits 4EHP, which associates with the cap structure (Cho et al., 

2005; Cho et al., 2006). However, because eIF4E-2/4EHP is not able to bind eIF4G 

(Hernández et al., 2005) it represses translation of caudal mRNAs (Cho et al., 2005; 

Lasko, 2011). In a related example, from mouse oocytes, eIF4E-2/4EHP co-localizes 

with Prep1, a homeodomain transcription factor, which contains an eIF4E-binding motif 

(Morita et al., 2012). The Prep1-4EHP/eIF4E-2 interaction seems to bridge the 3’-UTR 

of Hoxb4 mRNA to the 5’-cap structure suppressing its translation. Over-expression of 

Hoxb4 in mouse zygotes in vitro resulted in the slowing of development. Since 

homeodomain proteins are widely distributed in angiosperms, fungi and metazoa, 

including the early-branching metazoan phyla, Cnidaria, Placozoa and Porifera, more 

instances of translational regulation through 4E-BM-containing homeodomain proteins 

seem likely. 

 The above examples and others suggest dinoflagellate eIF4E family members 

could also be involved in regulation of gene expression through eIF4E-interacting 

proteins. I have identified neuroguidin, a 4E-IP, in K. veneficum and A. carterae and 
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believe this is a candidate for further study of its role in translational regulation in 

dinoflagellates (Chapter 5).  

Section 1.3 Specific Aims 

The overall aim of this thesis is to discover, phylogenetically organize, and 

biochemically characterize novel translation initiation factors from two species of 

dinoflagellate, Amphidinium carterae and Karlodinium veneficum. As elaborated earlier, 

dinoflagellates exhibit a lack of transcriptional control over gene expression. This has 

thwarted efforts to determine patterns of gene expression in a number of dinoflagellate 

species using microarray analysis, signature sequence tagging, and transcriptome 

profiling, as outlined in Section 1 of this introduction. Many of these studies have pointed 

to post-transcriptional control of gene expression as the likely point of regulation. As 

noted by many in the field of protein translation, initiation of protein synthesis is a rate-

limiting step of translation and mRNA recruitment is regulated at multiple levels, as 

outlined in Section 2 of this introduction. Since the translation factor eIF4E is involved in 

mRNA recognition and recruitment and eIF4E family members are known to regulate 

recruitment, an investigation of dinoflagellate eIF4Es was the focus of this thesis. After 

preliminary searches of eleven dinoflagellate transcriptomes, it was found that 

dinoflagellates have an expanded eIF4E family of proteins that could provide a tool box 

for translational control (Jagus et al., 2012). 

1.3.1 Aim 1 

Aim 1: Following from the phylogenetic analysis of eIF4E from plants, fungi, and 

metazoans (Joshi et al., 2005), as well as a less extensive analysis of eIF4E from protists 

(Jagus et al., 2012), I used datasets provided by the Marine Microbial Eukaryote 
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Transcriptome Sequencing Project, as well as transcriptome and cDNA sequencing data 

from our own lab, to search for eIF4E sequences in dinoflagellates. This allowed me to 

determine the extent to which the eif4e gene has been duplicated and conserved 

throughout the alveolate and more specifically the dinoflagellate lineage (Chapter 2). 

1.3.2 Aim 2 

Aim 2: I chose to pursue characterization of the eIF4E family members from one species 

of dinoflagellate, Amphidinium carterae. This species has the lowest number of eIF4E 

family members and has served as a growing “model” species of dinoflagellate to the 

scientific community, due to its basal position in the dinoflagellate lineage and its lower 

genetic content (Murray et al., 2016). Since dinoflagellates are a relatively neglected 

group of organisms by the molecular biology community, a series of molecular tools 

were developed to carry out these experiments. I developed a research plan that used our 

phylogenetic analysis to prioritize the eIF4E family members for biochemical 

characterization. Using gene synthesis, vector engineering, bioinformatic molecular 

modeling, antibody design, and western blot assay development, I was able to 

characterize the dinoflagellate eIF4Es in a variety of in vitro assays, as well as their 

ability to complement an S. cerevisiae strain conditionally depleted of eIF4E. In addition, 

I was able to develop a set of recombinant proteins that enabled me to validate antibodies 

that could be used reliably to study and quantify the abundance of the eIF4E family 

members from A. carterae. (Chapter 3).  

1.3.3 Aim 3 

Aim 3: I hypothesized, based on the phylogenetic analysis, that the most conserved 

eIF4E family member is likely to be the general translation factor, while the other family 
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members may serve regulatory roles in translation. Due to the lack of a genetic system 

established for dinoflagellates, this work had to be carried out using almost entirely all in 

vitro biochemical assays. The exception was a yeast knock-out-and-rescue system 

developed previously by the Jagus laboratory to determine which eIF4E candidate could 

complement a yeast strain lacking a functional eIF4E cap binding initiation factor. I took 

advantage of the tools developed from Aim 2 to carry out biochemical characterization of 

the eIF4E family members in A. carterae (Chapter 4) and K. veneficum (Chapter 5). This 

was followed up by using cell cultures of A. carterae to generate cell lysates and the pre-

established m7GTP-Sepharose cap chromatography assay to pull-down any eIF4E 

capable of binding the cap structure. Finally, I used the recombinant proteins to develop a 

quantitative surface plasmon resonance assay to measure the cap binding affinities of 

three A. carterae eIF4E family members for five cap structure analogs.  
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Chapter 2 

The alveolate translation initiation factor 4E family reveals a custom 

toolkit for translational control in core dinoflagellates1 

2.1 Background 

Dinoflagellates are unusual eukaryotic organisms well known for bloom 

formation in coastal waters (Anderson et al., 2012), making toxins that bioaccumulate in 

the food chain (Holmes et al., 2014), producing bioluminescence (Kelly and Tett, 1978), 

and as coral symbionts. Dinoflagellate nuclei differ from those of other eukaryotes, 

exhibiting large birefringent chromosomes that lack typical eukaryotic nucleosomal DNA 

packaging. These chromosomes remain condensed during interphase and in many cases 

throughout the entire cell cycle (Spector, 1984). Dinoflagellate genomes can also be very 

large, up to hundreds of picograms of DNA per nucleus, making comprehensive genomic 

sequencing very difficult (Lin, 2011; Wisecaver and Hackett, 2011; Shoguchi et al., 

2013). In addition, many dinoflagellate genes are duplicated with between tens to 

thousands of copies found for genes such as the peridinin chlorophyll protein, 

proliferating cell nuclear antigen, RuBisCO, light harvesting protein, luciferin binding 

protein, and actin (Bachvaroff et al., 2004; Bachvaroff and Place, 2008; Hiller et al., 

1995; Kim et al., 2011; Reichman et al., 2003; Rowan et al., 1996; Zhang et al., 2006; Le 

et al., 1997; Valiadi et al., 2012; Liu and Hastings, 2006; Liu et al., 2004). The unusual 

features of the dinoflagellate nucleus are also reflected by atypical transcription 

(Guillebault et al., 2002). 

                                                
1 Adapted from Jones, G.D., Williams, E.P., Place, A.R., Jagus, R., and Bachvaroff, T.R. 
(2015). The alveolate translation initiation factor 4E family reveals a custom toolkit for 
translational control in core dinoflagellates. BMC Evol Biol 15 
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In general, dinoflagellate gene expression appears to be controlled at the level of 

translation rather than transcription. For example, bioluminescence in Lingulodinium 

polyedrum is strictly diurnally regulated, with little bioluminescence during the day and a 

peak during the night. Luciferin binding protein is made primarily at night, but transcript 

levels for the protein remained unchanged over a diel cycle (Morse et al., 1989). This 

example of translational regulation has been validated and expanded by numerous studies 

of heat shock, nutrient stress, salinity and other conditions using microarrays and high-

throughput sequencing (Toulza et al., 2010; Lidie et al., 2005; Morey et al., 2011; Lowe 

et al., 2011; Moustafa et al., 2010; Yang et al., 2010). These studies have demonstrated a 

nearly constant transcriptome profile during stress with only small changes in transcript 

levels (Roy and Morse, 2013). 

Given that dinoflagellates show little transcriptional control of gene expression, I 

looked for innovations in translation initiation unique to dinoflagellates that might enable 

specific translational control. Furthermore, dinoflagellate mRNA cap structures derive 

from trans-splicing a 22-nucleotide fragment from an independently transcribed spliced 

leader RNA (Lidie and van Dolah, 2007; Zhang et al., 2007), which has a unique cap 

structure (Jagus et al., 2012). In view of this, I have placed emphasis on a key step in 

mRNA recruitment, the binding of eukaryotic translation initiation factor 4E (eIF4E) to 

the modified base at the 5’ terminus of the mature mRNA (mRNA cap). 

eIF4E is defined by the cupped hand structure within which the mRNA cap is 

bound, as exemplified by the mouse eIF4E [PDB:1L8B], a prototypical metazoan Class I 

cap binding translation initiation factor (Figure 2.1) (Marcotrigiano et al., 1997; Matsuo 

et al., 1997). This novel fold is characteristic of the eIF4E family. The mRNA cap-
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binding region is found within a core of 160 to 170 amino acids containing eight aromatic 

residues with conserved spacing (Joshi et al., 2005). The secondary structure consists of 

six beta sheets and three major alpha helices (Marcotrigiano et al., 1997; Matsuo et al., 

1997). The beta sheets line the binding pocket, and recognition of the 7-methylguanosine 

moiety is mediated by base sandwich-stacking between conserved residues W56 and 

W102 as well as with E103. In addition, W166 interacts with the methyl group on the 

modified base of the mRNA cap. Furthermore, the triphosphate of the cap forms salt 

bridges with R112, R157 and K162 (Marcotrigiano et al., 1997; Matsuo et al., 1997). The 

alpha helices form the exterior, solvent accessible side of the protein. Alpha helix

eIF4G/eIF4E-IP
domain

E103

W56

W102

K162
R157

W166

R112

Figure 2.1 The structure of murine translation initiation factor 4E (eIF4E-1) with 
mRNA cap showing key binding residues.
The crystal structure of Class I murine eIF4E, [PDB:1L8B], was used to show conserved 
binding domains. Residues W56, W102, and W166 are highlighted in red, as well as 
E103, which is highlighted in orange, directly interact with the methyl-guanosine moiety. 
Residues R112, R157 and K162, which are highlighted in cyan, contribute charged 
interactions with the phosphate bridge that links the m7GTP to the rest of the mRNA 
chain. A key conserved domain that interacts with eIF4G or eIF4E-interacting proteins is 
colored green on alpha helix-1.
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 one, containing the recognition motif of S/TVxxW interacts with eukaryotic translation 

initiation factor 4G (eIF4G) and eIF4E-interacting proteins (Kamenska et al., 2014). 

eIF4E is part of an extended gene family found exclusively in eukaryotes. 

Throughout the eukaryotic domain, a series of eIF4E gene duplications has led to the 

generation of a family of proteins with multiple structural classes and in some cases 

subclasses within a given organism (Joshi et al., 2005; Jagus et al., 2012; Hernández et 

al., 2005). Although the family is named for the translation initiation factor, not all 

members of the gene family function as translation factors (Joshi et al., 2005; Rhoads et 

al., 2007; Rhoads, 2009; Aitken and Lorsch, 2012; Hinnebusch, 2012). This family is 

comprised of proteins predicted to have the characteristic fold of prototypical eIF4E. One 

or more eIF4E cognates bind the 5´- cap structure of mRNA, a key step in mRNA 

recruitment to the ribosome. Other eIF4E family members interact with specific mRNAs 

or proteins to regulate translation of those mRNAs rather than participate in global 

translation initiation (Cho et al., 2005; Morita et al., 2012; Villaescusa et al., 2004; 

Hernández et al., 2012). Additional roles undertaken by eIF4E family members include 

nuclear transport, sequestration and turnover of mRNA (Kamenska et al., 2014; 

Hernández et al., 2005; Aitken and Lorsch, 2012). The eIF4E family can be seen as a 

toolkit for post-transcriptional regulation of gene expression (Tettweiler et al., 2012). 

It has been noted that the nomenclature for eIF4E family members has evolved 

with confusion (Osborne et al., 2013). Eukaryotes have been reported to have at least one 

and up to eight members of the eIF4E family (Joshi et al., 2005; Hernández et al., 2005). 

One proposed classification has divided the different members of the eIF4E family from 

multicellular organisms into structural classes; Class I, Class II, and Class III (Joshi et al., 
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2005). Phylogenies of the eIF4E family are poorly resolved, but support monophyly of 

metazoan Classes I-III. Thus, while the structural classes define homologous, 

monophyletic clades within metazoans, across eukaryotes the evolutionary history of the 

family remains unclear (Jagus et al., 2012). 

Here I describe the phylogeny of the eIF4E family in dinoflagellates and a nested 

series of outgroups. The ‘core dinoflagellates’ have the expanded nuclear genomes 

described above and encompass the common bloom forming species (Bachvaroff et al., 

2014; Hoppenrath and Leander, 2010). From the core dinoflagellates, the parasitic 

syndineans from the genus Amoebophrya and Perkinsus marinus represent the primary 

outgroups; which, taken together, form the broadly defined dinoflagellate lineage 

(Goggin and Barker, 1993; Reece et al., 1997; Saldarriaga et al., 2003). In turn, the 

dinoflagellate lineage, apicomplexans, and ciliates form a large clade called the 

alveolates, with well-established organismal phylogenetic relationships (Figure 2.2) 

(Bachvaroff et al., 2014; Gajadhar et al., 1991).

 

Chromera velia

Perkinsus marinus

Core
Dinoflagellates

Apicomplexans

Photosynthetic
heterokonts

Syndineans

Non-photosynthetic 
heterokonts

Ciliates

Dinoflagellate
lineage Alveolates

Figure 2.2 The organismal phylogeny of the species used for the eIF4E genealogy 
The schematic phylogeny is based on the tree from a concatenated matrix of 75 ribosomal 
protein genes with only well supported clades shown (Adapted from Bachvaroff, 2014). 
The collapsed triangular clades correspond in height to the number of species and the 
width is proportional to branch length.



 38 

 The next closest outgroup with good sequence representation would be the heterokonts 

(stramenopiles) (Baldauf, 2003; Burki et al., 2007). Comparing the genealogy of the 

eIF4E family with the organismal relationships helps determine the relative timing and 

extent of duplications. The expanding transcriptome datasets for dinoflagellates provide 

sufficient taxon sampling for this analysis. The goal is to see if eIF4E gene duplications 

unique to core dinoflagellates can be related to novel functions in translational control of 

gene expression and to create a nomenclature for the dinoflagellate eIF4E family that 

reflects evolutionary history. 

2.2 Results 

2.2.1 The gene census and major clades for the heterokont and alveolate eIF4E family 

The core dinoflagellate eIF4E family contains between eight and fifteen members 

per species with a total of 126 from eleven species (Additional file 2.1). In contrast, the 

members of the dinoflagellate lineage outside of the core dinoflagellates, Perkinsus 

marinus and Amoebophrya contain seven and three members per species, respectively. Of 

the sequences available for the other alveolate groups investigated (15 apicomplexans, 6 

ciliates); apicomplexans have one or two family members per species, and ciliates have 

one to four. All of the ciliate sequences within eIF4E-1 and several within eIF4E-2 

showed biased amino acid composition when compared with the remaining sequences, 

and ciliates consistently formed the longest branches in the phylogeny (Additional file 

2.2, Figure 2.3) (Bachvaroff et al., 2011). The outgroup heterokonts (14 species) contain 

between one and six eIF4E family members per species.  

The eIF4E phylogeny contains three major clades (Figure 2.3, Figure 2.5). These 

clades were defined after tree construction based on representation from both core 
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Figure 2.3 A maximum likelihood phylogeny of the core eIF4E domain using the Le 

and Gascuel (LG) amino acid substitution matrix with gamma site to site rates and 

including representatives of the three major alveolate lineages (ciliates, apicomplex-

ans, and dinoflagellates) and the outgroup heterokonts. 

Bootstrap values (1000 replicates) above 55% are shown. The three major clades are 
highlighted with the right-most brackets. The major clades were defined by the presence 
of core dinoflagellates and the outgroup heterokonts. The different heterokont, ciliate and 
apicomplexan clades are labeled, while the nine core dinoflagellate sub-clades are denot-
ed with brackets and the clade names used in the text. The individual species labels have 
been removed for clarity with three examples of core dinoflagellates represented by 
colored dots as shown in the key. The distribution of two syndinean dinoflagellates and 
Perkinsus marinus are also shown. The Class II eIF4E found only in heterokonts is 
shown in a grey background. Long branches for the ciliates in eIF4E-1 and Chromera 
velia were broken and joined with dotted lines to fit onto the page. The tree including 
genus and species names is available in Additional file 2.2 in nexus format.



 40 

dinoflagellates and heterokonts, based on the assumption that heterokonts form an 

outgroup to the alveolates (Figure 2.2). Here I use letters to designate core dinoflagellate 

sub-clades, e.g. eIF4E-1a. In total, there are nine eIF4E sub-clades in the core 

dinoflagellates (see Figure 2.3). 

 All three alveolate lineages surveyed are represented in eIF4E-1, as well as the 

outgroup heterokonts. The branching pattern within eIF4E-1 roughly corresponds with 

organismal relationships (Figure 2.2) (Bachvaroff et al., 2014; Baldauf, 2003; Burki et 

al., 2007). For example, non-photosynthetic and photosynthetic heterokonts are distinct, 

while within apicomplexans, the relationships mirror those from ribosomal protein gene 

trees (Bachvaroff et al., 2014; Bachvaroff et al., 2011). However, eIF4E-1 from the two 

syndineans Amoebophrya and Perkinsus marinus fall outside the apicomplexans and core 

dinoflagellate clade, while apicomplexans are embedded near the eIF4E-1c of core 

dinoflagellates. This branching pattern conflicts with both rDNA and ribosomal protein 

trees (Bachvaroff et al., 2014; Guillou et al., 2008; Coats et al., 2010; Bachvaroff et al., 

2011). Additionally, within eIF4E-2, the ciliates form a clade next to heterokonts, and 

dinoflagellates with bootstrap support <60%, in contrast with the expected organismal 

relationships in which ciliates appear to be more closely related to dinoflagellates. The 

large clades described below and named core dinoflagellate subclades were consistently 

recovered when different amino acid substitution matrices were used (Whelan and 

Goldman (WAG), Jones Taylor Thornton (JTT), and Le and Gascuel (LG) matrices), 

although there were some subtle changes in topology in areas of poor bootstrap support. 

When the JTT matrix was used the two Chromera velia sequences were placed together 

with apicomplexans, while in the LG tree (Figure 2.3) these sequences are on a very short 
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branch outside of core dinoflagellate eIF4E-1c and apicomplexans. Also, the two P. 

marinus sequences in eIF4E-1 were placed outside of apicomplexans and core 

dinoflagellate eIF4E-1a, b and c under the JTT model (data not shown). 

2.2.2 Core dinoflagellate eIF4E-1 sub-clades 

Core dinoflagellate eIF4E-1 contains four distinct monophyletic groups, each with 

at least one representative from each of the eleven core dinoflagellate species, which I 

have termed eIF4E-1a through -1d (Figure 2.3). Although bootstrap support for these 

groups was low when analyzed with the other two major eIF4E clades and outgroups, a 

re-analysis of eIF4E-1 containing only the core dinoflagellates produced a tree similar to 

that of the broader taxon sampling (Figure 2.3, data not shown), but the sub-sampled tree 

had increased bootstrap support. Most notable was increased support for eIF4E-1d (100% 

from 36% bootstrap) and support for the combination of eIF4E-1a and -1b to 56%. 

Meanwhile, support remained high at 100% for eIF4E-1c. 

There were different patterns of amino acid conservation between eIF4E-1a 

through -1d. eIF4E-1a was characterized by short branch lengths and high sequence 

identity. Selecting Amphidinium carterae and Karlodinium veneficum as representative 

core dinoflagellate species, there was 86% pairwise amino acid identity between the most 

closely related eIF4E-1a sequences across the entire sequence. This is roughly equal to 

the identity between the three eIF4E-1a copies in K. veneficum (83–87% identity). The 

eIF4E-1d is the next most conserved, with 70% identity between the two species. 

Divergence is higher in eIF4E-1b and -1c, with a pairwise identity between the same two 

species of 60% and 53%, respectively. I find asymmetric patterns of duplication across 

eIF4E-1a through -1d among core dinoflagellates. The rank order of number of copies per 
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species was eIF4E-1a > -1d > -1b > -1c with eIF4E-1c having a single copy per species 

(Figure 2.4). This is the same rank order that corresponds, from highest to lowest, to the 

pairwise similarity within each sub-clade. 

 

2.2.3 Core dinoflagellate eIF4E-2 sub-clades 

Within core dinoflagellate clade 2 eIF4E, two sub-clades were found, eIF4E-2a 

and -2b. eIF4E-2a was found in all eleven species, with eIF4E-2b being found in only 

eight species. eIF4E-2a is more conserved than eIF4E-2b based on pairwise comparisons 

and branch lengths. In contrast to eIF4E-1, there is higher bootstrap support for both 

eIF4E-2a and -2b (69% for eIF4E-2a and 100% for eIF4E- 2b). There is a large amino 

acid extension at the carboxy terminus of eIF4E-2a ranging from 200 – 270 amino acids 
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Figure 2.4 Quantification of the number of each eIF4E contained in a subclade per 
dinoflagellate used for the phylogenetic analysis in this chapter 
The two species highlighted in bold are those used to perform a biochemical analysis of 
their eIF4E properties in this thesis.  
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compared to eIF4E-2b, a region not used in the phylogenetic analysis. This region was 

difficult to align between species and contains simple amino acid repeats of one proline 

followed by two to four alanines. 

In three apicomplexan genera, Toxoplasma, Neospora and Plasmodium, eIF4E 

sequences that segregate with clade 2 eIF4E were found in initial phylogenies and 

searches. These sequences are very divergent, with long-branch lengths. Candidate 

homologs are absent from other apicomplexan groups in BLAST searches when either T. 

gondii or P. falciparum were used as a query. After initial phylogenies, these sequences 

were excluded from phylogenetic trees due to long-branch lengths (the GenBank gi 

numbers are reported in Additional file 2.1). 

Heterokonts contain clades corresponding to both eIF4E-2 and metazoan Class II 

eIF4E (Figure 2.3) (Joshi et al., 2005). Heterokont Class II eIF4E form a distinct 

monophyletic group outside of alveolate eIF4E-2 and have the diagnostic metazoan Class 

II aromatic residue replacement at W43 to a tyrosine (Figures 2.3, 2.6). Clade 2 eIF4E 

was not found in diatom genome datasets, but Ectocarpus siliculosus, Albugo laibachii, 

Phytophthora infestans, and Phytopthora sojae all contain both eIF4E-2 and a metazoan 

Class II eIF4E (Figure 2.3 and Additional file 2.3). Only P. infestans contains multiple 

members of eIF4E-2, so heterokont specific sub-clades could not be defined. These 

sequences were not given lettered sub-clade identification as the phylogeny did not 

demonstrate them to be homologous to the sub-clades found within the core 

dinoflagellates. 
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2.2.4 Core dinoflagellate eIF4E-3 sub-clades 

Only the core dinoflagellates and heterokonts contain clade 3 eIF4E, and 

homologous sequences were absent in the apicomplexan and ciliate genome data based 

on BLAST searches and phylogeny. eIF4E-3 from heterokonts form two clades 

corresponding to the photosynthetic and non-photosynthetic heterokonts. Only one 

eIF4E-3 was found for each heterokont species examined. In contrast, eIF4E sequences 

from the core dinoflagellates separate into three monophyletic groups within clade 3 to 

give eIF4E-3a, -3b, and -3c. Like eIF4E-1 and eIF4E-2a, eIF4E-3a contains sequences 

from all eleven core-dinoflagellate species and is more conserved than eIF4E-3b and -3c 

(Figure 2.4, highlighted in dark purple). eIF4E-3b and -3c are poorly represented with 

just six and five species, respectively (Figure 2.4, highlighted in yellow and dark green). 

eIF4E-3b sequences have an extended amino-terminus, compared to eIF4E-3a and -3c, 

that includes a DNA alkylation (COG3145) or dioxygenase domain (pfam13532) which 

is a divergent character not captured by the phylogeny of the aligned core region. 

Additionally, eIF4E-3b contained a number of sequences with amino acid compositional 

bias when compared with the remaining members of the gene family (Additional file 

2.1). 

2.2.5 Comparison with eIF4E sequences from Perkinsus marinus and Amoebophrya 

Within eIF4E-1, the two Amoebophrya strains, representing the syndineans each 

have two distinct copies, one forming an outgroup to the apicomplexan /core 

dinoflagellate clade, and a second copy nested near eIF4E-1a of core dinoflagellates. 

Neither of these placements is strongly supported by bootstrap values. For eIF4E-2, the 

syndineans have a single copy. The branching pattern and bootstrap support does not 
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show a clear affinity with either eIF4E-2a or -2b, but based on sequence length, the 

Amoebophrya eIF4E-2 was more similar to eIF4E-2a. No eIF4E-3-like sequences were 

found in the genus Amoebophyra. 

Perkinsus marinus falls within the dinoflagellate lineage based on molecular 

phylogenies, but outside of the core dinoflagellate and syndinean clades (Figure 2.2) 

(Bachvaroff et al., 2014; Goggin and Barker, 1993; Reece et al., 1997; Bachvaroff et al., 

2011). The P. marinus eIF4E family contains a total of two eIF4E-1, one eIF4E-2 and 

four eIF4E-3 members. The eIF4E-1 and eIF4E-3 sequences form a single species-

specific monophyletic group with bootstrap support of 92% and 90%, respectively. While 

the major clade affiliation was clear, the phylogeny did not suggest specific relationships 

between the P. marinus eIF4E and core dinoflagellate sub-clades. 

2.2.6 Broader phylogeny 

The eIF4E phylogeny of apicomplexans, dinoflagellates and heterokonts was 

combined with the previously published analysis of Joshi et al. (Joshi et al., 2005) and 

recapitulated the eight well-supported clades of that analysis. As was previously reported, 

the relationships between the eight clades is ambiguous with poor bootstrap support. 

Dinoflagellate, ciliate and apicomplexan (alveolate) as well as heterokont eIF4E-1 were 

placed within the clade 8 of Joshi et al. (Joshi et al., 2005) and the combined alveolate 

and heterokont eIF4E-1 and -3 were recovered as monophyletic groups (Figure 2.5). 

However, comparing the phylogeny in Figure 2.3 to the broader phylogeny, eIF4E-2 

from heterokonts did not form a single clade and were placed outside of eIF4E-2 from 

dinoflagellates, albeit with poor support. Phylogenies that included the long-branch 

ciliates were even more difficult to interpret. The three major clades (eIF4E-1, -2, and -3) 
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described here cannot be reliably matched to the three previously described eIF4E classes 

(Class I, Class II, and Class III) (Joshi et al., 2005). 

 

2.2.7 Structural predictions across the three dinoflagellate eIF4E clades 

The alignment of the core dinoflagellate eIF4E family members used to construct 

the phylogenetic tree contains insertions, deletions, and residue changes at important 

functional positions that differentiate the clades and sub-clades (Figure 2.6). The eight 

conserved aromatic residues of murine eIF4E have been mapped onto the alignment of 

dinoflagellate eIF4E sequences (Figure 2.6) as points of reference. eIF4E-1 contains 
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extended sequences between W73 and W102, and W130 to W166 compared to eIF4E-2 

and -3. The function of the extension is not known, but the different eIF4E-1 sub-clades 

show marked heterogeneity at this region. In the core dinoflagellate clade 1 and clade 2 

eIF4E, there is a tyrosine substitution at the position equivalent to W56. Conserved W102 

is maintained across eIF4E sequences from all dinoflagellate clades except eIF4E-3b. In 

this case, the hydrophobic tryptophan has been substituted for an arginine. E103, which 

also interacts with the mRNA cap, is found at equivalent positions in all three 

dinoflagellate clades of eIF4E (Marcotrigiano et al., 1997; Matsuo et al., 1997). 

However, in clade 2 eIF4E, there is a small deletion C-terminal to it, as well as the 

introduction of a proline residue; an indicator of possible kinks in the polypeptide and an 

alteration of its function. The tryptophans at positions 43 and 46 are conserved, as is 

W166, which is involved in recognition of the methyl group on m7GTP. 

In core dinoflagellate eIF4E-3 sequences, R112 is conserved, but there is a 

conservative substitution of histidine in eIF4E-1 and a cysteine substitution in eIF4E-2. 

In all three dinoflagellate clades, R157 may or may not be conserved, because the 

alignment of this residue is ambiguous near the insertion between W130 and W166 of 

dinoflagellate eIF4E-1 (Figure 2.6). eIF4E-3 contains the conserved K162 and in eIF4E-1 

there is an arginine substitution, but this site is a hydrophobic valine or alanine in eIF4E-

2. In eIF4E family members capable of binding eIF4G, the consensus sequence of the 

recognition motif is S/TVxxFW ending at W73 (Marcotrigiano et al., 1997; Matsuo et 

al., 1997; Tomoo et al., 2003; Mader et al., 1995; Altmann et al., 1997). In the core 

dinoflagellate eIF4E sequences, similar motifs are conserved. Although eIF4E-1 and -3 

have a tryptophan at the position equivalent to mouse W73, eIF4E-2 has tyrosine, 
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Figure 2.6 Core eIF4E domain sequence logos for nine dinoflagellate sub-clades  
The alignment and gap arrangement are identical to those used for the phylogeny, 
although only core dinoflagellates are represented. The positions of the alpha helices and 
beta sheets of murine Class I eIF4E [PDB:1L8B] are shown using arrows to represent 
beta sheets and curves for alpha helices. The cap/phosphate binding residues and the 
eIF4G interacting domain are highlighted. The eight conserved aromatic residues are 
numbered according to the murine reference structure. Specific, conserved amino acids 
demonstrated to bind the mRNA cap in the murine model are highlighted with grey and 
blue arrows. The legend for the amino acid coloring is displayed. 

phenylalanine or leucine. In addition, there are subtle variations between the different 

eIF4E-1 sub-clades in the consensus sequence of the binding domain. The region can be 

polar (TVqeFW), as in eIF4E-1a and -1b, acidic (TVeeFW) as in eIF4E-1c, or basic 

(TVkgFW), as in eIF4E-1d. Overall, based on primary sequence alignment and structural 

predictions, the members of the core dinoflagellate eIF4E family are diverse at sites 

known to be functionally important in mouse and other model organisms. Hence, 

functional analysis will be necessary to determine the roles of different family members. 

2.3 Discussion 

2.3.1 Evolutionary patterns in the eIF4E family 

The combination of relatively dense taxon sampling and known relationships has 

allowed us to make clear comparisons of the eIF4E genealogy to the organismal 

relationships, revealing both the relative timing and degree of duplication within core 

dinoflagellates. Prior to diversification of heterokonts and alveolates the eIF4E gene 

family contained at least three clades. These clades are retained in heterokonts and 

dinoflagellates, but apicomplexans and ciliates have apparently lost eIF4E-2 and -3 

(Figure 2.3). Other shared eIF4E family members may have been lost from either 

dinoflagellates or heterokonts or both. The large sequence divergence between the three 

clades implies different functions, so that the common ancestor is likely to have used the 

gene family in three different roles. However, in the core dinoflagellates the gene family 
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has expanded mostly via relatively recent lineage specific duplications, into nine distinct 

eIF4E sub-clades. Additional duplications within sub-clades have been found, so that 

some species have multiple subtly different copies. The multiple eIF4E family members 

have the potential to create a customized toolkit for regulating gene expression as in 

plants and metazoans. In contrast, heterokonts have only four and apicomplexans and 

ciliates only one or two eIF4E family members, suggesting that different lineages have 

placed different reliance on, and approaches to, translational control of gene expression. 

2.3.2 Matching eIF4E structural classes to clades 

Based on phylogenetic analysis the three eIF4E clades described here cannot be 

mapped to the three previously defined eIF4E structural classes in animals and plants 

(Figure 2.5) (Joshi et al., 2005; Jagus et al., 2012). The broad eIF4E phylogeny is poorly 

resolved and the underlying organismal relationships between metazoa, plants, 

heterokonts and alveolates are uncertain (Figure 2.5) (Joshi et al., 2005; Jagus et al., 

2012). For example, based on the phylogeny, the dinoflagellate eIF4E-1 defined here has 

no obvious candidate ortholog in plants or metazoans. The eIF4E-1 sequences from 

alveolates and heterokonts contain an amino acid insertion (Figure 2.3) between W73 and 

W102 (numbering equivalent to murine eIF4E), a feature not seen in any plant or 

metazoan eIF4E family member (Figure 2.6). Furthermore, plant and metazoan Class II 

eIF4E family members are defined in part by a tyrosine, phenylalanine or leucine at the 

position equivalent to murine W43. By this definition, no Class II eIF4E sequences have 

been found in dinoflagellates or ciliates. However, heterokonts do contain eIF4E family 

members defined as metazoan Class II based on this diagnostic character. The non-

reciprocal mapping of clades to classes suggests diverse approaches to eIF4E functions in 
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eukaryotes with loss and duplication occurring multiple times independently within 

plants, fungi, metazoans, alveolates, and heterokonts. 

2.3.3 Different functions are likely among the dinoflagellate eIF4E family members 

For the few gene families that have been studied in core dinoflagellates, a general 

pattern of highly duplicated but conserved genes in tandem arrays has been seen for actin, 

proliferating cell nuclear antigen, and the peridinin chlorophyll protein (Bachvaroff and 

Place, 2008; Kim et al., 2011; Reichman et al., 2003; Zhang et al., 2006; Le et al., 1997). 

The different sequences typically have few amino acid differences and many 

synonymous nucleotide substitutions, suggesting little functional difference between the 

resultant proteins. Several other gene families, such as RuBisCO, luciferase, and the light 

harvesting complex protein are polyproteins, with tandemly repeated protein units 

encoded on a single mRNA (Hiller et al., 1995; Rowan et al., 1996; Li et al., 1997). Our 

work shows that the eIF4E family contrasts with these other examples because the 

divergences are seen at critical amino acids suggesting the family members are 

functionally distinct. The broad species representation I used has allowed inferences 

about the relative timing of duplication and species divergence to be made and suggests 

that the different sub-clades within eIF4E-1 were likely present in the common ancestor 

of core dinoflagellates. Differences in duplication and divergence within each clade and 

sub-clade may reflect a form of genomic dose effect, such that the more essential eIF4E 

forms are also the more duplicated and possibly more specialized. Thus, although the 

functionalities present in the common ancestor of alveolates and heterokonts are likely to 

be retained in the three clades, the sub-clades present in the core dinoflagellates are likely 
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to play distinct roles in the cell and correlate with an increased reliance on post-

transcriptional control. 

2.3.4 Dinoflagellate clade 1 eIF4E is likely to contain at least one translational initiation 

factor 

Of the three major clades in the phylogeny shown here (Figure 2.3), eIF4E-1 was 

the only clade that included sequences from every species surveyed. Within core 

dinoflagellates, eIF4E-1 stands out as the most duplicated, ranging from 5 to 9 copies per 

species and is also the most conserved. Within eIF4E-1a, only 15% of amino acid sites 

were found to be variable across the entire coding sequence, and the changes represent 

functionally conservative substitutions, i.e. high similarity or many positives in pairwise 

comparisons. Although all plant, fungal, and metazoan translation initiation factors are 

members of Class I, not all Class I eIF4E members are initiation factors (Robalino et al., 

2004; Minshall et al., 2007; Hernández et al., 2005) [reviewed in (Kamenska et al., 2014; 

Lasko, 2011)]. By analogy, it is expected that not all dinoflagellate clade 1 eIF4E family 

members will function as translational initiation factors. Based on conservation and 

duplication, I predict that the primary workhorse translation initiation factor will be found 

within eIF4E-1, as this appears to be the only eIF4E present in apicomplexans. Also, if 

the theory of dose compensation holds true, the rank order of number of copies per 

species; i.e. eIF4E-1a > -d > -b > -c, would suggest that eIF4E-1a functions as the 

primary translation factor. 

In looking for different roles of the other sub-clades in the regulation of gene 

expression, a variety of possibilities exist. Simplistically, should all the eIF4E-1 function 

as translation initiation factors, eIF4E-1a could be involved in recruitment of the most 
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commonly translated mRNAs, followed by -1d, -1b, and -1c. Examples of this can be 

seen in certain metazoan Class I eIF4Es. For instance, in Caenorhabditis elegans, 

functional differences are found within the different members of Class I eIF4E. At 

specific developmental stages, C. elegans trans-splices sub-sets of mRNAs with a spliced 

leader containing a trimethyl cap structure (Lasda and Blumenthal, 2011). In C. elegans, 

m7GTP and trimethyl mRNA caps are bound by different Class I eIF4Es, IFE1, 2, and 5 

versus IFE3, respectively (Jankowska-Anyszka et al., 1998; Keiper et al., 2000; Dinkova 

et al., 2005). Although all core dinoflagellate mRNAs are presumed to be trans-spliced, it 

seems that the first nucleotide after the methylated base can be variable, opening up the 

possibility that the four eIF4E-1 sub-clades could recruit mRNAs with different cap 

structures (Zhang et al., 2009; Hearne and Pitula, 2011; Zhang et al., 2014). 

The conservation found in clade 1 eIF4E does not extend to the eIF4G binding 

domain, in which there are amino acid substitutions within each sub-clade that are likely 

to have strong affinities for different binding partners. The eIF4G binding domain is also 

the site of interaction of a range of eIF4E interactive proteins that use the same 

YXXXXLφ sequence to competitively bind eIF4E, preventing eIF4E–eIF4G interactions 

and inhibiting cap-dependent translation and/or targeting mRNAs to specific locations 

[reviewed in (Kamenska et al., 2014; Lasko, 2011; Hernández et al., 2016)]. The variable 

sequence of the eIF4G binding domain represents a strategic point for selection of 

mRNAs for regulation. Different eIF4E and eIF4G combinations could favor the 

translation of different subsets of mRNA thus providing a toolkit for regulation of gene 

expression post-transcriptionally as has been proposed in Drosophila melanogaster 
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(Hernández et al., 2012; Hernández and Vazquez-Pianzola, 2005) and Leishmania (Freire 

et al., 2014; Freire et al., 2014; Moura et al., 2015). 

2.3.5 Dinoflagellate eIF4E-2 has an alternate function in the toolkit 

Core dinoflagellate eIF4E-2 have substitutions at two positively charged residues 

known to be involved in cap binding, R112 and K162 (Figures 2.1 and 2.6). In eIF4E-1, a 

histidine is conserved in all sub-clades (Figure 2.6), but in eIF4E-2, cysteine is 

substituted at position 112. In eIF4E-1 at K162 a conserved arginine is present in all sub-

clades, but this has been substituted by a valine in eIF4E-2. These substitutions could 

inhibit interaction with the negatively charged phosphate groups linking the cap to the 

mRNA. Furthermore, there is a two amino acid deletion near the conserved W102 

involved in cap binding. In consideration of these differences, I predict that eIF4E-2 does 

not function well as a cap binding protein. 

Differences in cap binding ability are reminiscent of the metazoan Class II and 

Class III eIF4Es that cannot compete in vitro with Class I eIF4E for mRNA and are not 

found associated with eIF4G in cells (Cho et al., 2005; Villaescusa et al., 2004; Osborne 

et al., 2013; Volpon et al., 2013). However, the affinity of metazoan Class II eIF4E, to 

bind mRNA 5’-caps is increased by interaction with a variety of partner proteins that, 

along with metazoan Class II eIF4E function to repress specific mRNA translation (Cho 

et al., 2005; Villaescusa et al., 2004; Osborne et al., 2013; Volpon et al., 2013). 

Similarly, metazoan Class III eIF4E specifically binds the m7GTP cap in the absence of 

an aromatic sandwich, using instead different spatial arrangements of residues to provide 

the necessary electrostatic and van der Waals contacts (Osborne et al., 2013; Volpon et 

al., 2013). Although the eIF4Es from Class III have a lower affinity than Class I eIF4E 
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for mRNA caps in vitro, in cells nearly all of the endogenous mouse Class III eIF4E is in 

the cap-bound fraction suggesting that factors in the cell increase the affinity of eIF4E-3 

for the cap (Osborne et al., 2013; Volpon et al., 2013). Given these examples in metazoa, 

and the key substitutions in eIF4E-2 cap binding residues, dinoflagellate eIF4E-2 

members by themselves are unlikely to bind cap, but may bind in the presence of 

interacting partner proteins. 

Clade 2 eIF4E is also unique in that the degree of duplication is roughly 

comparable within core dinoflagellates and heterokonts. Heterokonts contain two 

different cognates within eIF4E-2, but only one was allied with the dinoflagellates, while 

the other is allied with Class II eIF4E from metazoans and plants. Whether or not the 

placement of heterokont sequences with metazoan Class II sequences is convergent 

evolution cannot be deduced from these data. However, retention of eIF4E-2 in 

heterokonts and dinoflagellates (both core dinoflagellates and syndineans) implies a 

conserved function that does not rely on traditional cap binding. Also the extension at the 

carboxyl terminus of eIF4E-2b indicates eIF4E-2b and possibly eIF4E-2a interacts with 

binding partners that are not associated with eIF4E-1 or -3. The absence of eIF4E-2b in 

several of the alveolate lineages and differences in duplication when comparing 

dinoflagellates and heterokonts makes it likely that eIF4E-2 performs a non-essential 

regulatory role that has become more specialized within the dinoflagellates. 

2.3.6 Core dinoflagellate eIF4E-3 have many attributes in common with the metazoan 

Class I eIF4E 

Unlike core dinoflagellate eIF4E-1 and eIF4E-2, eIF4E-3a and -3c have a 

tryptophan at position 56 and show complete conservation of the amino acids important 
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in charge neutralization of the phosphate bridge of the mRNA cap (Figure 2.6) 

(Niedzwiecka et al., 2002). They do not have the insertions uniquely characteristic of 

eIF4E-1. In addition, the eIF4G interacting motif more closely resembles that of the 

metazoan Class I eIF4E. However, for multiple considerations, eIF4E-3 has not been 

considered a good candidate for the workhorse translation factor. These include the fact 

that eIF4E-3 is found only in the core dinoflagellates and heterokonts, and is absent in the 

apicomplexan and ciliate genome data. Additionally, only one eIF4E-3 is found for any 

heterokont species examined with the two clades corresponding to the photosynthetic and 

non-photosynthetic heterokonts (Figure 2.3). Furthermore, only one eIF4E-3 sub-clade, 

eIF4E-3a, is represented in all eleven core-dinoflagellate species with eIF4E-3b and 

eIF4E-3c represented in just six and five species, respectively (Figure 2.4). Moreover, the 

fusion of the alkylation or dioxygenase domain on the N-terminus of eIF4E-3b is 

remarkable and unprecedented, making hypotheses about its function unrealistic without 

further experimentation. This does not mean, however, that Clade 3 eIF4Es do not 

contain a translation factor. 

There are certainly differences in the conserved cap binding pocket between 

members of eIF4E-1 and -3 and it is not clear that individual spliced leader mRNA in 

dinoflagellates possess identical caps (Zhang et al., 2014; Zhang et al., 2009; Hearne and 

Pitula, 2011) or multiple versions of the cap structure. Differences in mRNA caps could 

allow specific translation of genes involved in stress response or other unique pathways 

that would not be constitutively expressed. Conversely, expression of members of eIF4E-

3 could be situational; only occurring during specific developmental stages and not 

detectable at other times. 
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2.4 Conclusions 

Dinoflagellate genomes contain a family of eIF4E genes that demonstrates a 

greater diversity and degree of duplication than has been seen in other lineages of 

eukaryote (Jagus et al., 2012). The general model for metazoan eIF4E family members is 

to have different cellular roles related to post-transcriptional regulation of gene 

expression. These different roles are supported by phylogeny and specific amino acid 

changes mapped onto the protein structure (Joshi et al., 2005). Likewise, dinoflagellate 

eIF4E family members are expected to have distinct functions based on this phylogeny, 

with their unique diversity allowing for an increased dependence on the translational 

control of gene expression. Only through structural and functional studies can I confirm 

these predictions made from the phylogeny. 

2.5 Methods 

2.5.1 Taxon sampling 

Data from Illumina RNA-seq libraries were used for eleven core dinoflagellate species 

and two syndineans. Six of these, Akashiwo sanguinea, Amphidinium carterae, 

Gyrodinium instriatum, Karlodinium veneficum, Polarella glacialis, and Prorocentrum 

minimum were sequenced with 100 base paired-end reads with 30 to 100 million reads 

collected per species and assembled with Trinity (Bachvaroff et al., 2014; Grabherr et al., 

2011) (Additional file 2.1). The two syndineans, Amoebophrya parasites specific for 

Akashiwo sanguinea and Karlodinium veneficum, respectively, were co-cultured and 

sequenced with their hosts as previously described (Park et al., 2002). Parasite sequences 

were deconvoluted from host using either using AT bias for the parasite from 

Karlodinium veneficum, or by phylogenetic analysis for Amoebophrya sp. ex Akashiwo 
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sanguinea as done previously (Bachvaroff et al., 2009). In addition, Moore Foundation 

Illumina datasets were downloaded for five core dinoflagellates. These consisted of 50 

base paired-end reads for Alexandrium tamarense, Karenia brevis, Lingulodinium 

polyedrum, and Scrippsiella trochoidea. The sequences were downloaded from the 

Community cyberinfrastructure for Advanced Microbial Ecology Research and Analysis, 

CAMERA, database (https://portal.camera.calit2.net) and assembled using CLC 

Genomics (Qiagen, Boston, MA). Transcriptome data for Symbiodinium sp. B1 were 

downloaded from http://marinegenomics.oist.jp/genomes/downloads?project_id=21 

(Shoguchi et al., 2013). 

In addition to the eleven core dinoflagellates and two syndinians, the genome 

sequences from Perkinsus marinus and twelve apicomplexans [see Additional file 2.1] 

were also used. Data from GenBank’s reference sequence (ref_seq) protein or non-

redundant nucleotide database were downloaded and formatted into blast databases for 

each species. In total, sequences from forty-nine different species were used in this study 

[see Additional file 2.1]. 

2.5.2 eIF4E sequence retrieval and annotation 

The blastx or blastp programs were used with an e-value cut off of 1E−10 and a 

suite of eIF4E query sequences (Jagus et al., 2012). For dinoflagellates, the set of eIF4E 

sequences from two representative species, Amphidinium carterae and Karlodinium 

veneficum were used as queries. For heterokonts, eIF4E sequences from Thalassiosira 

pseudonana and Phaeodactylium pseudonana were used as queries. For apicomplexans, 

Toxoplasma gondii and Plasmodium vivax were used as queries. Such searches 

consistently returned pairwise alignments of >130 aligned amino acids. The resulting 
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eIF4E sequences were aligned using the Clustal Omega program with the full iteration 

option (Sievers et al., 2011). 

Sequences from the representative species within each clade identified in the 

phylogeny were used as queries in subsequent blast searches to improve representation. 

This iterative process was repeated until no novel eIF4E family members were found. For 

a few sequences, manual assembly of scaffolded sequences was required to obtain 

complete coding regions. In such cases, promising blast hits (e-values < 1E−10) with short 

alignments were examined using read mapping to identify and manually assembled from 

fragmented gene copies. This was done using Bowtie2 read mapping of reads to contigs, 

followed by visualization using the Integrative Genomics Viewer (IGV) to identify read 

mates, and finally by assembly using short overlap consensus in Sequencher (Gene 

Codes, Ann Arbor, MI) (Langmead et al., 2009; Thorvaldsdóttir et al., 2013). A putative 

heterokont contaminant was found in the sequence data from Alexandrium tamarense and 

removed from further analyses (Additional file 2.3). 

The alignments were trimmed to the eIF4E core region from five amino acids 

upstream of W43 to ten amino acids downstream of W166 numbered by murine eIF4E 

[PDB:1L8B] sequence positions (Joshi et al., 2005). The sequence alignment was 

submitted to TreeBase with accession number [S16938]. Phylogenetic analysis was 

performed using RAxML with 1000 bootstrap replicates. The LG amino acid substitution 

matrix with gamma rate correction was selected based on hierarchical likelihood ratio 

tests of the optimal tree calculated using the JTT amino acid substitution matrix (the 

PROTGAMMAJTT model in RAxML) (Stamatakis, 2006). Using the amino acid 

frequencies from the LG matrix resulted in better likelihood scores than the empirical 
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amino acid frequencies in the alignment, and similar results were seen with the WAG and 

JTT matrices. All the analyses assumed a single stationary model across the tree. An 

additional phylogeny was constructed using the supplemental data from Joshi et al. and 

adding in the sequences from the present study with 100 bootstrap replicates, although in 

this case the JTT model was used (Joshi et al., 2005). For this combined analysis, the 

ciliates were excluded due to long-branch lengths. 

Amino acid bias was calculated using Tree-Puzzle which uses a chi-squared test 

to compare the amino acid composition of each alignment row with the empirical 

frequencies calculated from the alignment (Schmidt et al., 2002). The amino acid bias for 

specific clades was further explored using the composition profiler tool (Vacic et al., 

2007). 

Sequence logos were created using WebLogo (Crooks et al., 2004) for each core 

dinoflagellate clade by trimming outgroup taxa and creating clade specific alignments. 

The amino acid sequences were aligned, and the secondary and tertiary structures 

predicted using an online Protein Homology/analogY Recognition Engine (PHYRE) 

(Kelley and Sternberg, 2009), with [PDB:1L8B] as a reference. The resulting PDB file 

was displayed with Visual Molecular Dynamics software 

(http://www.ks.uiuc.edu/Research/vmd/) (Humphrey et al., 1996). 

2.5.3 Availability of supporting data 

Alignments used in this study were deposited in TreeBase with accession # S16938, see 

http://purl.org/phylo/treebase/phylows/study/TB2:S16938 
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2.6 Additional files 

Additional file 2.1 Supplemental table with gi numbers, bioproject numbers and 

other publicly available data sources. 

Additional File 2.1 as XLSX 

Additional file 2.2 Amino acid compositional bias plots for specific clades with 

amino acid bias. 

Additional File 2.2 as PDF 

Additional file 2.3 Nexus format tree of Figure 2.5 with alignment. 

Additional file 2.3 as NEX file 
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Chapter 3 

Development of molecular tools for the study and quantification of 

Amphidinium carterae eIF4E family members2 

3.1 Introduction 

 Dinoflagellates represent a eukaryotic lineage that little more than a decade ago 

was inaccessible to molecular studies (Wisecaver and Hackett, 2011). The great majority 

of sequenced eukaryotic genomes come from animals, plants, fungi, and from parasites 

that infect animals. This makes for a weak reference database for study of marine protists, 

such as dinoflagellates (del Campo et al., 2014; Keeling et al., 2014). Advances in DNA 

sequencing, computational biology, gene synthesis, amino acid peptide synthesis, and 

antibody production on an industrial scale has allowed the cost of molecular biology 

research to come down such that genome sequencing and molecular studies of non-

human model organisms is growing (Schatz, 2015). Only with the advent of massively 

parallel next-generation DNA sequencing platforms, e.g. Illumina sequencing by 

synthesis, has the massive genome of the dinoflagellate become attainable. However, due 

to the extent of gene duplication, the assembly of genome sequences is problematic and 

studies have been limited mainly to transcriptome sequencing (Bachvaroff and Place, 

2008; Kim et al., 2011). Two attempts have been made to sequence the smallest 

dinoflagellate genome, Symbiodinium sp., using a combination of RNA and DNA 

sequencing and have produced draft assemblies of its genome (Lin et al., 2015; Shoguchi 

                                                
2 Adapted from Jones, G.D., Haq, S., Williams, E.P., Bachvaroff, T.R., Place, A.R. and 
Jagus, R. (2016). Not all copies are the same: Functional analysis of eIF4E family 
members of the dinoflagellate Amphidinium carterae. To be Submitted.  
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et al., 2013). Already many insights are being gained from the data these studies have 

produced. However, sequence-based studies have serious limitations for understanding 

gene function.  

 In the previous chapter, I used a phylogenetic analysis approach to study the 

relationships of the eIF4E family in alveolates with an emphasis on those found in the 

dinoflagellate lineage. I used relevant taxon sampling to develop a phylogenetic tree that 

grouped the eIF4E family members into three distinct clades and furthermore into nine 

sub-clades (Figure 2.3). What became apparent quickly was the level of eIF4E gene 

duplication seen in some species of dinoflagellate (Figure 2.4), such as Karlodinium 

veneficum which possessed fourteen eIF4E family members, but not in others, such as 

Amphidinium carterae which has only eight, the least number of eIF4E family members 

of the dinoflagellates surveyed (Figure 2.4). I hypothesize, based on these data, that the 

sub-clades of eIF4E in the dinoflagellate lineage actually represent functionally-related 

proteins, likely involved with similar processes in the cell, but are duplicated in some 

species more than in others. To test this hypothesis, I chose to focus on the dinoflagellate 

with the least eIF4E family members, A. carterae, to narrow down the choices for finding 

the eIF4E family member most likely involved with the canonical process of mRNA cap 

binding and functioning as a translation initiation factor. By first identifying the 

functional translation factor, I can then characterize the alternative, or regulatory, 

functions of the other eIF4E family members. In addition, I can apply these results to 

other dinoflagellates, such as K. veneficum, with more duplicated eIF4E family members 

to test this hypothesis (Chapter 5). In order to carry out this research, however, I had to 
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develop a set of molecular tools to test the biochemical function of each eIF4E family 

member from A. carterae. 

In this chapter, I describe an in-depth analysis of the A. carterae eIF4E family 

members with the intention of testing their functionality in a series of in vitro and in vivo 

assays. Due to the intractable nature of dinoflagellate biology, the traditional genetic 

approaches used in model organisms become difficult or impossible with current 

technology. Genes are held in tandem arrays of many copies with subtle nucleotide 

variations across each copy (Bachvaroff and Place, 2008). This would make attempts to 

use even CRISPR/Cas9 gene editing technology daunting, as many different nucleotide 

targets would have to be designed to delete even a single gene. In addition, it is unclear if 

the Cas9 nuclease would have access to a genome held in a liquid crystal state. To 

circumvent these limitations, I use in silico, in vitro and ex vivo approaches to study the 

eIF4E family members in A. carterae.  

Based on the phylogenetic analysis performed in Chapter 2, I extracted the eIF4E 

sequences from A. carterae to examine their individual biochemical features and how 

they relate to the prototypical murine eIF4E-1A (Niedzwiecka et al., 2002). I use 

computational methods to align the sequences and determine key changes in the primary 

structure that may account for functional differences. Using tertiary structure prediction 

software, I can generate 3-dimensional models of each protein to examine whether the 

primary structure predictions are accurate. Taking advantage of RT-qPCR, gene synthesis 

and antibody production technology, I produce and validate the necessary in vitro tools to 

study each eIF4E family member’s abundance both at the transcript and protein level. In 

doing so, I find that there is a stark lack of correlation between transcript and protein 
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abundance in A. carterae, reflective of the overall findings in dinoflagellates as a whole 

(Miller-Morey and Van Dolah, 2004; Milos et al., 1990; Hastings, 2013)}. 

 

3.2 Characteristics of A. carterae eIF4E family members 

3.2.1 Identification of A. carterae eIF4E family members and characterization based on 

amino acid sequence 

To represent the A. carterae eIF4E family and their relationships independent of 

the comprehensive phylogenetic analysis in Chapter 2, I isolated their positions from the 

overall phylogenetic tree and displayed them in (Figure 3.1). The eight eIF4E family 

members from A. carterae are distributed between three clades: five from Clade 1; 

eIF4E-1a, -1b, -1c, -1d1 and -1d2; one from clade 2; eIF4E-2a; and two from clade 3; 

eIF4E-1a

eIF4E-2a

eIF4E-3b*

eIF4E-3a

eIF4E-1b

eIF4E-1c

eIF4E-1d1

eIF4E-1d2*

0.4
Figure 3.1 Schematic phylogeny of the eIF4E gene family in Amphidinium carterae, 
based on an amino acid alignment using maximum likelihood
In Chapter 2, an iterative BLAST analysis was used to identify the eIF4E family 
members in alveolates and a maxmium likelihood amino acid alignment used to create a 
phylogenetic tree demonstrating their relationships. The eIF4E family members from A. 
carterae were extracted from the analysis in Chapter 2 and used to construct a schematic 
phylogeny of just the A. carterae eIF4E family members. The eIF4E members that were 
used in this thesis to study their biochemical properties are highlighted with bold 
lettering. *Only the transcript levels were analyzed for eIF4E-1d2 and eIF4E-3b. 
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eIF4E-3a and 3b (Figure 3.1) (Jones et al., 2015). Each sequence contains a single eIF4E 

domain with an E value (<< 1E-10). Clade 1 eIF4E family members showed ≥ 28 % 

identity and ≥ 31 % similarity to each other. The eIF4E-2a had the highest similarity to 

eIF4E-3a, at ~28 %. In contrast, eIF4E-3a had the highest similarity, 45 %, for murine 

eIF4E-1A, with eIF4E-1d1, at 35 %, and eIF4E-1a, at 33 %, coming in second and third 

by similarity ranking (Table 3.1B). The predicted amino acid sequences of seven out of 

Table 3.1 Summary of the eIF4E family members from A. carterae, their 
biochemical features, and their similarity to murine eIF4E-1
A) There are eight eIF4E family members present in A. carterae. They have been named 
according to their phylogenetic relationships as well as predictions of their biochemical 
functionality. The predicted eIF4G/IP binding site is featured with red letters for negative 
charge and blue letters for positively charged residues. The residues, using murine 
numbering, are displayed for each eIF4E to highlight differences thought to be essential 
for cap binding, in particular Lys-162 for eIF4E-2. AThe calculated isoelectric point (pI) 
is an average of several alogrithms used to predict hypothetical pI values.  BThe FPKM 
expression level values are taken from an Illumina HiSeq RNAseq and Trinity assembly 
(unpublished results). B) The percent identity and similarity of each eIF4E family 
member were compared to each other and to murine eIF4E-1. Green and yellow imply 
greater similarity and red implies less. 

eIF4E-1 eIF4E-1a eIF4E-1b eIF4E-1c eIF4E-1d1 eIF4E-1d2 eIF4E-2 eIF4E-3a eIF4E-3b
Murine eIF4E-1   100 17.1 18.5 16.4 18.2 17.4 17.4 29.9 19
Acart eIF4E-1a   33.1 100 43.4 39.8 52.2 32.5 12.8 14.4 12.8
Acart eIF4E-1b   32.5 59.8 100 33.5 39.5 30.1 11.3 15.5 13.5
Acart eIF4E-1c   32.1 58.2 49.8 100 36.8 28 14.8 15.3 13.9
Acart eIF4E-1d1  34.8 72.5 59.3 54.4 100 35.4 13.4 16.6 13.1
Acart eIF4E-1d2  30.6 48.4 46.5 45.7 53.3 100 12.6 16.5 14.2
Acart eIF4E-2a    30.2 24.2 21.9 24.4 26.1 25.8 100 13.8 10.5
Acart eIF4E-3a   44.9 33.1 29.2 28.8 32.4 31.6 27.9 100 22.5
Acart eIF4E-3b   32.5 27.8 28.1 27.8 26.9 28.5 22.5 37.6 100

 ** Similarity Scores (%) **

** Identity Scores (%) **

A)

B)

Amino 
Acid 
Length

MW 
(kD) pIA FPKMB

eIF4G/IP 
Binding 
Site TRP56 TRP73 ARG157 LYS162

eIF4E-1a 233 26.5 5.76 23.9 TVQEFW Y W R R
eIF4E-1b 237 26.7 5.23 33.7 TAQEFW W W K R
eIF4E-1c 244 26.5 5.30 7.6 TVESFW Y W R R
eIF4E-1d1 237 26.7 6.56 11.3 TVKGFW Y W R R
eIF4E-1d2 278 30.8 5.73 14.7 SVSSFW Y W K R
eIF4E-2a 255 29.0 5.56 13.5 TVQGFF Y F R V
eIF4E-3a 233 25.9 5.54 39.7 TVEDFW W W R K
eIF4E-3b 905 99.1 5.42 7.3 SVEELW W W R K

A. carterae
eIF4E family 
members
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 the eight have molecular weights ranging from 25.9 – 30.75 kDa (from 233-278 amino 

acids) with eIF4E-3b being the exception with a molecular weight of 99.1 kDa (905 

amino acids), and predicted isoelectric points from 5.23 to 6.56 (summarized in Table 

3.1A). The calculated pI of eIF4E-3b is 5.42, within the range of all other eIF4E 

members from A. carterae. The Illumina sequence data showed fragments per kilobase of 

transcript per million mapped reads (FPKM) values from the lowest of 7.3 (eIF4E-3b) to 

the highest of 39.7 (eIF4E-3a), a proxy for transcript expression. An online isoelectric 

point calculator (http://isoelectric.ovh.org) was used to calculate the average pI of each 

amino acid sequence using a variety of computational methods (Kozlowski, 2015). The 

mRNA sequences and translated amino acid sequences were deposited in Genbank, the 

accession numbers are listed below the name in (Table 3.4).  

3.2.2 eIF4E-3b contains a unique amino-terminus domain 

eIF4E-3b contains a predicted 2OG-Fe(II) oxygenase superfamily domain 

(pfam13532) with an E-value of 1.12E-19 and an Alkylated DNA repair protein domain 

(COG3145) with an E-value of 5.57E-11 at the amino-terminus (Table 3.2). Such a form 

of eIF4E has also been described for six additional dinoflagellate species and is the only 

2OG-Fe(II) oxygenase:eIF4E fusion described from all available eukaryotic sequences 

(Jones et al., 2015). It has been theorized that this domain may be involved in DNA 

methylation patterns seen in the dinoflagellate nucleus (unpublished observations, Place 

and Williams). However, the significance of this discovery remains to be determined.  
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3.2.3 Amino acid alignment and structural homology predictions using Phyre2 

The alignments in this thesis were colored with the BOXSHADE web application 

(http://www.ch.embnet.org/software/BOX_form.html) and stylistically edited in Adobe 

Illustrator (Adobe). Alignment of the complete amino acid sequences of the prototypical 

translation initiation factors from M. musculus eIF4E-1A, D. rerio eIF4E-1A, D. 

melanogaster eIF4E-1, T. aestivum eIF4E, and eIF(iso)4E, S. pombe eIF4E1, and S. 

cerevisiae eIF4E, suggests the presence of an evolutionarily conserved "core" region 

(Joshi et al., 2005). The core region stretches approximately 160–170 residues from His-

37 to His-200 of murine eIF4E-1A. Evidence supporting the designation of this region as 

a functional core comes from deletion analyses (Vasilescu et al., 1996; Robalino et al., 

2004). Despite having low sequence identity or similarity to murine eIF4E-1A 

(summarized in Table 3.1B), the core regions of each of the eIF4E family members from 

eIF4E-3b
KU851958

MAQLLPQGGYLHPPNAWPRPTPGQEPSRQTALLELLYERSALPAEAWRPVVIDEDWRCFSFLA
PKAISADRTEYFRTRLLQTAPWVELKNTKGTSVTRSTCWYARGGCTCTYTYGRDLRMANSRS
CGGQGASVPVASNNSPTGAVDCPVPEEDSHKEFQATMAEIMEHVFNGVFQGFREEEWPNAAN
VNLYRDGRQAVGWHADDESLFKGKESDCPIVSISLGASREFWVALKREGGSMEPDPKTVVEV
DLQDGDVLTMEGRMQKHCLHLVPKGNPRAPIREERINITFRWVREHKHHCPLRRVQQAVLPRS
LGGIFGEVSSPLQPYFPQVLLFTEPYLRSWSMEVAPGFLANPQHTEWRLCDNCKHVCYEEGRP
CCEGAGEWSGQWFCRHCWGQWAPSLTGDLPRGPLENFSQVYASGYGAYMEPHPQDCSWWG
TCSPTAPPFHTVPEVDMSCWSPTQYAGALGLDPPLQPTTYMANNTLGCLSTAPPKPVSLHGED
RRPPPQPLQSRHPPLCISGIGTLSAGSTAIPSASSGSNTPPAESKDGVDVDADHAAQQQHQDAS
GGSNRVEHNSRAAESDCPKWTVCGRRGIDALLEGADSLAVNSNNTRSAMRQESGNVDEIRAL
LLKNKAAGGDAEFFDYALAVLDKKAVEEAGARVQAEQSEEDSEVAGVNGHALESRWALWVL
LVRDNLDWSEALSVVHDDICSVEELWGLLAHMHLPSALLDADYSMFLQGVRPAREAPQVLN
GGRWILALQSGGNQRGALPVDRYHDVVDKVWLEVVLALLGGSLENEAVNHGDPLSCGVVVS
MRGCDKDSLPGDQEPVRKKTNPSAKLALWLKGSQNRGQVRAVGNALLQVVSSTTGAEDVPH
GGWRLAFEDFASRSVTQRVSMPGIDHNSSGVVRAEE*

Amino acid sequence

2OG-FeII_Oxy_2 pfam13532 61-290 1.12E-192OG-Fe(II) oxygenase superfamily
2.69E-11183-287Alkylated DNA repair protein [DNA replication, 

recombination, and repair]
COG3145AlkB

5.57E-27676-858Eukaryotic initiation factor 4Epfam01652IF4E

Name Accession Description Interval E-value

Table 3.2 eIF4E-3b contains an amino-terminus DNA alkyation repair domain
The domain highlighted in green BLASTs with a low E-value (<E-10) to the 2OG-Fe(II) 
oxygenase superfamily and to an alkylated DNA repair domain. The domain in blue 
BLASTs with an E-value (<<E-10) to an IF4E (eIF4E) domain.  
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A. carterae align and model well to murine eIF4E-1A structures (Figure 3.2, Figure 3.3). 

Immediately apparent are several amino acid insertions unique to a clade or a specific 

family member compared to the other eIF4E family members from A. carterae and the 

murine eIF4E-1A. However, the aromatic tryptophans (or tyrosines), characteristic of an 

eIF4E, align well with the murine eIF4E-1A, highlighted in yellow in (Figure 3.2). 

eIF4E-3b is the exception to this and contains an arginine residue at the position 

equivalent to the Trp-103 which in murine eIF4E-1A participates in mRNA cap binding. 

Another key difference is in eIF4E-2 in which an uncharged valine is present at the 

position equivalent to Lys-162 in murine eIF4E-1A (Figure 3.2). In murine eIF4E-1A, 

Lys-162 is essential for efficient cap binding as it and Arg-157 form salt bridges with the 

5´-5´ triphosphate bridge (Niedzwiecka et al., 2002) and contributes to a possible two-

step cap binding mechanism (Volpon et al., 2006; von der Haar et al., 2006). There are 

also differences in the eIF4G binding region. eIF4E-1a, -1b, -1c and the eIF4E-3 family 

members contain highly negatively charged amino acids, like murine eIF4E-1A, while 

eIF4E-1d1 is unique in that it contains a positively charged lysine in this region. eIF4E-

1d2 and eIF4E-2 each contain all uncharged residues in this region (Table 3.1, Column 6, 

Figure 3.2). 
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The amino acid sequence of each eIF4E from A. carterae was analyzed using 

Phyre2, the Protein Homology/analogY Recognition Engine 2 (Kelley and Sternberg, 

2009). Using the top ten highest scoring alignments, Phyre2 constructs a 3D model of the 

protein structure with missing or inserted sequence modeled using the “loop library” and 

a reconstruction procedure. This program creates a PDB file that can be used with 

eIF4E-11A    34 YIKHPLQNRWALWFFKNDK----SKTWQANLRLISK-FDTVEDFWALYNHIQLSSNLMPG
IF4E-1a    29 KKDLPLRYNWSIWEQIMQSSDKANAQYSDATHKVAS-FSTVQEFWKLWNHMPQPSELLEQ

e
e
IF4E-1b    42 WQPVPLKSSWVLWEQLS------GTTWS--TKKVVT-FNTAQEFWRIWNGVPQPSELLDN

eIF4E-1c    28 GETLPLRHTWVVWQQLMASSGSKSITYSESTRQLAT-CDTVESFWSTWAQLPQPSELLTN
eIF4E-1d1   37 QMDPPLRHGWTIWEQIMQTPE-SKAQYSDATHRIAS-FNTVKGFWRYWNHLPQPSELVDG
eIF4E-1d2   42 CIDMPLKFKWSVWEQRVQD---KKSEYSAATKEAAS-FDSVSSFWSCWSHIPQPSQLLSG
eIF4E-2     12 PDEAPLETAWTFWSDKKTSDKKESDQYMEGLKQLGS-FNTVQGFFRHYAWLQRATDLPRD
eIF4E-3a    35 APKHELQHHWCLWVHQRPGTQ-KDGAWGDTQRMVHE-FGTVEDFWCMFHYSYPPSKLEHV
eIF4E-3b    61 VNGHALESRWALWVLLVRD----NLDWSEALSVVHDDICSVEELWGLLAHMHLPSALLDA

eIF4E-1    89 ---------------CDYSLFKDGIEPMWEDEKNKRGGRWLITLNKQQR----------R
eIF4E-1a    88 KRMVRE-QPDGLHVIDAIMIFRENIRPEWEDKWNATGGHFQFQLKPTVG----------G
eIF4E-1b    93 KRYFRENQGGGSQAIDAIMLFRDGISPEWEDAANSQGGHFQILLKPTAG----------G
eIF4E-1c    87 RMVLSSGDGIGFHIVDAVMLFREGVTPQWEDPTNADGGHLQFQFKASIG----------G
eIF4E-1d1   95 KKFVRD-TGDSTSVVDALMVFRNGVKPEWEDPVNATGGHFQFQLKPSLGDG-------KG
eIF4E-1d2   98 RSFARQ-DNGATTRVDALMIFRDGIRPQWEDPANIEGGHVEIKLYPKLG----------G
eIF4E-2     71 ---------------HSVLLFRKGYKPMWEEFP--DGGCWIVRIKRKLS----------P
eIF4E-3a    93 ----------------DYSLFKKGVTPAWEDPAFKGGGRWVIKLEKVKA-----------
eIF4E-3b   117 ----------------DYSMFLQGVRPAREAPQVLNGGRWILALQSGGNQRGALPVDRYH

eIF4E-1   124 SDLDRFWLETLLCLIGESFDDY-----SDDVCGAVVNVRAKGD-----------------
eIF4E-1a   137 GQVDEYWNNLVLGMIGATIEP------AGMITGVRLVDKLSG---------------PRA
eIF4E-1b   143 AQIDEYWNNLVLGMVGETMEG------ADEITGVRLVDKLSQK--------------TKV
eIF4E-1c   137 GRIDEYWNNVVLAVIGATLEP------NEFITGVRLVDKLSAGAASSAGQNQRGDRGGNS
eIF4E-1d1  147 GIIDEYWNNIVLGMIGGTLEP------ADMVTGARLVDKLGQ---------------ARA
eIF4E-1d2  147 GAIDELWNNTVMGVIGGTIQP------TDMVAGVRLVDKLNH----------------KT
eIF4E-2    104 GFVNHMWENLMLACIGEAFAMP-------DVVGCVLSTRVKDD-----------------
eIF4E-3a   126 QSLDDLWLSLCLALIGEAFIDIG----GTLVCGAIVSVRSRAS-----------------
eIF4E-3b   161 DVVDKVWLEVVLALLGGSLENEAVNHGDPLSCGVVVSMRGCDKDSLPGDQEP---VRKKT

eIF4E-1   162 ----KIAIWTTECENRDAVTHIGRVYKERLGLP---PKIVIG------YQSHADTATK--
eIF4E-1a aa  176 ANVIRIEVWFSNYDDTQAVNTLKKNIEKCMATH---LDGSVG-----TAP---KNDTK--
eIF4E-1b   183 TDCIRLELWYHSKASNSAVGMLRRSMEKCLTMR---LDGTQG-----TAFKGEAIQDK--
eIF4E-1c   191 TGHIRIEIWHSACDHKD-VQALLSSAEQCIATRT--LEGRTG-------GAPPKAEVK--
eIF4E-1d1  186 AS-IRLEVWFSNFDDTEKVDMLQRNLEKCMSTR---LDGTVA-----KENPWGKTDRR--
eIF4E-1d2  185 RPMLRIELWFNDIANQGKVDMLKETFKECLRAG---IDGEERPEVWPTEVIPHKTEKKPA
eIF4E-2    140 ----VLSIWNLSNRMGDTRFRIGEKLKEILALDMNALIQYKDHMQSLQDYSTYRNAKNYM
eIF4E-3a   165 ----KIALWLSQAKDEKKVMAIGREYRNVLASTP--CLSDLATKELTFEDFKKQAVTFVL
eIF4E-3b   218 NPSAKLALWLKGSQNRGQVRAVGNALLQVVSSTTGAEDVPHGGWRLAFEDFASRSVTQRV

eIF4G/4E-IP
Interaction Domain

m7GTP Stacking

m7GTP Stacking

Phosphate Interaction

Phosphate Interaction

Figure 3.2 Amino acid alignment of A. carterae eIF4E core regions with the murine 
class I eIF4E-1A
The core region from the eight eIF4E family members were aligned to the murine class I 
eIF4E-1A using the MUSCLE algorithm. The tryptophan residues that are characteristic 
of eIF4E are highlighted in yellow. The residues shown to be involved in interacting with 
the 7-methylguanosine cap are highlighted with a green arrowhead. The region that is 
associated with interacting with the eIF4G/eIF4E-IP is highlighted by a green bar. Nega-
tively charged reisdues are highlighted in red and positively charged residues in cyan in 
the regions that interact with the m7GTP cap or other proteins. 

a
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a
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visualization software to view the predicted protein structure. Each PDB file was 

visualized using the Visual Molecular Dynamics (VMD) software package (Humphrey et 

al., 1996). The murine eIF4E model [PDB file: 1L8B], was downloaded and used to 

create a STAMP, structural alignment of multiple proteins, in order to position the 

m7GTP cap molecule in an approximate position to the modeled protein structure. Images 

were rendered using Tachyon, included with the VMD software. Each eIF4E from A. 

eIF4E-1a eIF4E-1b

eIF4E-1d1

eIF4E-1c

eIF4E-2a eIF4E-3a

Figure 3.3 Phyre2 structural prediction and modeling of A. carterae eIF4E family 
members
Each eIF4E family members amino acid sequence was submitted to the Phyre2 Protein 
Fold Recognition Server. The resulting predicted structure was output as a PDB file that 
was then used to model the protein structure using the Visual Molecular Dynamics 
software. Due to the evolutionary distance and amino acid differences from the eIF4E 
crystal structures, the cap-stacking residues (highlighted in red) do not always fold into 
the expected positions to interact with the cap structure (colored by chemical identity). 
However, the positively charged residues (colored by chemical identity) interacting with 
the phosphate bridge usually fall in to place near the phosphate bridge. eIF4E-2a is 
notable for its uncharged valine residue in place of a positively charged lysine in the 
position required for phosphate bridge interaction.    

Val-162
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carterae, except eIF4E-3b, was modeled with high confidence (100 %) across 51-87 % of 

the sequence. The output PDB file was used to visualize the residues that are supposed to 

interact with and bind the mRNA cap structure (Figure 3.3), listed in (Table 3.1) and 

highlighted in (Figure 3.2).  

For each sequence, the core structure resembled the cup-shaped hand associated 

with an eIF4E translational initiation factor (from [PDB: 1L8B]) (Figure 2.1). The two 

tryptophans that sandwich with the 7-methylguanosine did not always stack appropriately 

in the predicted structure (Figure 3.3). However, the two positively charged residues 

associated with interacting with the negatively charged phosphate bridge of the cap 

structure model into appropriate positions for making such a contact, except for eIF4E-2, 

which has replaced lysine-162 with a hydrophobic valine, Val-162 (Figure 3.3). 

Interestingly, eIF4E-3b modeled with >90 % confidence for 47 % of the residues. The 

two domains modeled separately to two protein families, but together form a single multi-

domain protein (model not shown). The top hit for the IF4E domain had 30 % identity 

and modeled with 100 % confidence, while the 2OG-Fe(II) oxygenase domain of eIF4E-

3b had 27 % identity with an alpha-ketoglutarate-dependent dioxygenase (PFAM: 

PF13532) and modeled with 99.7 % confidence. The cap binding abilities of eIF4E-3b 

have not been fully investigated in this study due to its lack of conservation in the 

phylogenetic analysis amongst dinoflagellates and the additional domain present, but it is 

still of interest as the alpha-ketoglutarate-dependent dioxygenase (AlkD) domain may 

have a role in nucleotide methylation (Aravind and Koonin, 2001).  
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3.2.4 Cloning of eIF4E constructs into in vitro, bacterial, and yeast expression vectors 

Nucleotide sequences for A. carterae eIF4E family members were codon 

optimized for rabbit, Oryctolagus cuniculus, using Advanced Optimum Gene™ software 

(Genscript). The nucleotide sequence was synthesized by Genscript and cloned into the in 

vitro transcription/translation plasmid vector pCITE-4a(+) (Novagen), using the NcoI and 

BamHI sites which adds an S•tag to the amino-terminus and includes a stop codon at the 

carboxy terminus. Each eIF4E sequence was also sub-cloned into a re-engineered 

bacterial expression vector pGEX-4T (GE Healthcare), now pGEX-4T(MCS)-TEV 

(Figure 3.4), in which the multiple cloning site has been changed to include NcoI and 

BamHI cloning sites and a TEV protease site added between the GST-tag and the cloned 

gene. In addition, each eIF4E sequence was codon optimized for Saccharomyces 

cerevisiae, synthesized by Genscript, and cloned into the yeast expression vector, 

pRS416GPD (ATCC), using the BamHI and XhoI sites, respectively. 

 

3.2.5 Primer design and RT-qPCR analysis 

Primers for each eIF4E were designed using Primer3 (Koressaar and Remm, 2007). 

Two primer pairs were designed for some to target different areas of the mRNA to 

confirm the results. Primers were designed to function effectively in a qPCR 

measurement experiment yielding a DNA product of approximately 100 bp. 

1000

 

D L V P R G S R S E N L Y F Q G A M D H M A A A G S E L E F P G R L E R P H R D *

XhoI (1014)NcoI (964) EcoRI (999)

NdeI (973)

BamHI (987)

GATCTGGTTCC
GCGTGGATCTAGAT

CAGAAAACCTGTATTTTCAGG
GCGCCATGGATCATATGGCAGCTGCCGGATCCGAATTGGAATTCCCGGGTCGACTCGAGCGGCCGCATCGTGACTGACTGACGATCTGCC

CTAGACCAAGG
CGCACCTAGATCTA

GTCTTTTGGACATAAAAGTC
CCGCGGTACCTAGTATACCGTCGACGGCCTAGGCTTAACCTTAAGGGCCCAGCTGAGCTCGCCGGCGTAGCACTGACTGACTGCTAGACGG

TEV Protease Site
Thrombin Protease Site

<--GST-tag

Figure 3.4 Layout of the re-engineered multiple cloning site of the bacterial 
expression vector pGEX-4t(MCS)-TEV
Each eIF4E was cloned into the NcoI and BamHI sites, which keeps the gene in frame 

with a TEV and thrombin protease site as well as the GST-tag.
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3.2.6 Transcript levels of eIF4E family members  

Transcript levels all eight eIF4E family members were determined at mid-day and 

mid-night time points on the diel cycle. Duplicate RNA samples from each time point 

were extracted using TRI reagent according to the manufacturer's protocol using 1 ml of 

TRI reagent. RNA was quantified on a Nanodrop 1000 (Thermo Fisher) and also on a 

Qubit 2.0 fluorometer (Life Technologies), to confirm accurate RNA abundance (data not 

shown). RNA was reverse transcribed using Superscript II Reverse Transcriptase (Life 

Technologies) with random primers (Invitrogen) according to the manufacturer's 

protocol. Generated cDNA was used as template for quantitative Real-Time PCR using 

an Applied Biosystems (Life Technologies) Fast 7500 thermal cycler. Each reaction was 

performed in duplicate with the following setup: 6 µl diethyl pyrocarbonate (DEPC) 

treated water, 2 µl of combined forward and reverse primers at 5 µM each (Table 3.3), 10 

µl of iTAQ 2X master mix containing SYBR green and ROX (Bio-Rad Hercules, CA), 

and 2 µl of template cDNA at 10 ng/µl. Thermal cycling conditions consisted of an initial 

denaturation at 95 °C for 2 min followed by 40 cycles of denaturation at 95 °C for 15 sec, 

annealing and fluorescent data collection at 60 °C for 15 sec, and extension at 72 °C for 

30 sec. The reaction was completed with a melt curve to determine the presence of 

spurious PCR products. Cycle thresholds and baselines were determined manually and 

Forward Primer Reverse PrimerForward Primer Reverse Primer
eIF4E-1a CATTGAGAAGTGCATGGCCA ACTAGGTGCACTCATGGCATTACTCCGATGCCACTCACAA CGTGGCATTCCACTTATCCT

eIF4E-1b CACCTCCTGCTGTTGGTTTC GCTGCTAGACAACAAACGCTCCAAAACTCCTGCGCTGTAT GCCTGGTTACCCAGAGGAA

eIF4E-1c GGCCACATTCGCATTGAGAT ATTCTAACCCTGGCCCTGTCAGCATCACGTATAGCGAGTCAA CCTCCCACTGTGGTGTGAC

eIF4E-1d1 CGTGGTGGATGCACTAATGG ACCAAGCACGATGTTGTTCCCGTCTAGAGGTGTGGTTCAGC CACTTCTGCACGAGTTCCAA

eIF4E-2 AAGTCCTGGTCCATGGAAGG TTGGCCTTGGACATGAATGCTGCATGTGGTCCTTGTACTGA ACCCGTGTCAAGGATGATGT

eIF4E-3a GCTGTCTCAAGCCAAGGATG GACGGGACAGGACAAAGGTA

eIF4E-3b CTATTCCTCAGCACGCACAA GAAGACCAATCCATCGGCTA

Table 3.3 Summary of the qPCR primers used to quantify transcript levels of the 
eIF4E family members from a mid-day and mid-night culture of A. carterae

eIF4E-1d2 TCTCTGTCTTGTGCGGAATG AGACCAGACCCATGTTACGC

eIF4E Family 
Members
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relative quantities were determined across the two diel time-points and expressed relative 

to the large ribosomal targeted product and assumed primer efficiency of 1.85 

copies/cycle. This was done for normalization across the time points and not to produce 

accurate quantities, thus primer efficiencies were not determined empirically for each 

primer pair. Expression levels were normalized to total input RNA from each time point. 

Transcript levels did not significantly differ at mid-day and mid-night on the diel cycle by 

RT-qPCR. Conversely, the expression levels of eIF4E-1d2 and eIF4E-3b increased at 

15.0

16.0

17.0

18.0

19.0

20.0

21.0
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24.0

25.0

26.0

27.0

28.0

29.0

eIF4E-1a eIF4E-1b eIF4E-1c eIF4E-1d1 eIF4E-1d2 eIF4E-2a eIF4E-3a eIF4E-3b
Mid-day Mid-night

Figure 3.5 Quantitative PCR measurement of each eIF4E family member at 
mid-day and mid-night periods on a diel cycle
The mRNA level of each eIF4E family member was measured at mid-day and mid-night 
time periods along the diel cycle of A. carterae. RNA was isolated by trizol extraction 
from a 10 ml sample of culture at each time point. A total of 1 μg of RNA input was used 
for reverse transcription and 20 ng of the resulting cDNA used in quantitative PCR to 
measure specific transcript abundance with the primers listed in Table 3.3. Measurements 
were performed in technical duplicate using SYBR green as an indicator. The cycle 
threshold (cT) value for each sample has been plotted. The standard deviations were 
calculated from the duplicate measurements and shown as error bars.     

cT
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night (Figure 3.5, a lower cT value means higher transcript levels). The relative 

expression of each transcript correlated well with Illumina assembly FPKM values (Table 

3.1A, Column 5). As seen by both measures, eIF4E-3a is the most highly expressed at the 

transcript level relative to the other eIF4E family members while eIF4E-3b is the lowest 

relative to the rest of the family members. 

3.2.7 Generation and validation of affinity-purified antibodies 

The amino acid sequences of each eIF4E, except eIF4E-1d2 and -3b, from A. carterae 

were submitted to the Genscript Optimum Antigen™ Design Tool to determine the 

optimal antigenic regions to use for immunization. Genscript synthesized each antigenic 

peptide (Table 3.4) and added an additional cysteine residue to allow for conjugation to 

the KLH adjuvant. These were used for immunization of New Zealand white rabbits. 

Specific antibodies were isolated from the resulting serum by affinity purification using 
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Figure 3.6 ELISA results for each affinity-purified antibody specific against 
A. carterae eIF4E family members
Data provided by Genscript polyclonal antibody production service. Wells were coated 
with 400 ng free peptide in PBS, pH 7.4. The signal was produced by an anti-rabbit IgG 
(H&L) (GOAT) antibody that was peroxidase conjugated and plotted as absorbance units. 
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the synthesized peptide as bait. Antibodies were tested for reactivity by an ELISA assay 

with the peptide used to generate the antibody as the target coating the wells of a 96-well 

plate (Figure 3.6).  

 
Table 3.4 The full amino acid sequence of each Amphidinium carterae eIF4E family 
member and the peptide used to generate specific antibodies 
An additional cysteine has been added to either the amino or carboxy terminus of the 
peptide in order to conjugate the KLH adjuvant. The peptide sequence used to generate 
the antibody is listed and highlighted in red in the full amino acid sequence. The Genbank 
accession numbers are listed below the gene name in the first column.  
 

Each antibody was tested for specificity by western blot, using purified GST-

tagged recombinant protein of each eIF4E. In brief, each GST-tagged recombinant 

protein was purified either by GST column chromatography or by inclusion-body 

A. carterae eIF4E 
Family Members

eIF4E-1a
KT429895

NFNSNLKFMTDNSEC 
MACLSFNENFNSNLKFMTDNSEENDEMLKKDLPLRYNWSIWEQIMQSSDKANAQYSDAT
HKVASFSTVQEFWKLWNHMPQPSELLEQKRMVREQPDGLHVIDAIMIFRENIRPEWEDKW
NATGGHFQFQLKPTVGGGQVDEYWNNLVLGMIGATIEPAGMITGVRLVDKLSGPRAANVI
RIEVWFSNYDDTQAVNTLKKNIEKCMATHLDGSVGTAPKNDTKAHSQPGGSKAH*

eIF4E-1b
KT429896

CFKGEAIQDKKHNGK 
MSMQNQQQPFLTFNVNLLGAGSFENVPGYPEEESQEDQKLLWQPVPLKSSWVLWEQLSG
TTWSTKKVVTFNTAQEFWRIWNGVPQPSELLDNKRYFRENQGGGSQAIDAIMLFRDGISPE
WEDAANSQGGHFQILLKPTAGGAQIDEYWNNLVLGMVGETMEGADEITGVRLVDKLSQK
TKVTDCIRLELWYHSKASNSAVGMLRRSMEKCLTMRLDGTQGTAFKGEAIQDKKHNGK*

eIF4E-1c
KT429897

LPGDSENAGEASGEC
CAPPKAEVKAHKRHQ

MVYLSFNQFITAAEDLPGDSENAGEASGETLPLRHTWVVWQQLMASSGSKSITYSESTRQL
ATCDTVESFWSTWAQLPQPSELLTNRMVLSSGDGIGFHIVDAVMLFREGVTPQWEDPTNA
DGGHLQFQFKASIGGGRIDEYWNNVVLAVIGATLEPNEFITGVRLVDKLSAGAASSAGQN
QRGDRGGNSTGHIRIEIWHSACDHKDVQALLSSAEQCIATRTLEGRTGGAPPKAEVKAHKR
HQ*

eIF4E-1d1
KT429898

CKENPWGKTDRRSHA
MATPQQTHYVSFNNKVTPGVAFAVTSAEQVEDMKQMDPPLRHGWTIWEQIMQTPESKAQ
YSDATHRIASFNTVKGFWRYWNHLPQPSELVDGKKFVRDTGDSTSVVDALMVFRNGVKP
EWEDPVNATGGHFQFQLKPSLGDGKGGIIDEYWNNIVLGMIGGTLEPADMVTGARLVDKL
GQARAASIRLEVWFSNFDDTEKVDMLQRNLEKCMSTRLDGTVAKENPWGKTDRRSHAKK
*

eIF4E-1d2
KU851957 N/A

MAGESSRTSMAAASSGSDKKDAVYLSLNMEVQSPQEIDAAIPEATEDDAECIDMPLKFKW
SVWEQRVQDKKSEYSAATKEAASFDSVSSFWSCWSHIPQPSQLLSGRSFARQDNGATTRV
DALMIFRDGIRPQWEDPANIEGGHVEIKLYPKLGGGAIDELWNNTVMGVIGGTIQPTDMVA
GVRLVDKLNHKTRPMLRIELWFNDIANQGKVDMLKETFKECLRAGIDGEERPEVWPTEVI
PHKTEKKPAATGYMLQSPSGGQTTPTGRRLAPQGGKSGGGRNRERR*

eIF4E-2a
KT429899

MAHRVNAGEFDPDEC

MAHRVNAGEFDPDEAPLETAWTFWSDKKTSDKKESDQYMEGLKQLGSFNTVQGFFRHYA
WLQRATDLPRDHSVLLFRKGYKPMWEEFPDGGCWIVRIKRKLSPGFVNHMWENLMLACI
GEAFAMPDVVGCVLSTRVKDDVLSIWNLSNRMGDTRFRIGEKLKEILALDMNALIQYKDH
MQSLQDYSTYRNAKNYMFAPSPSVTPQQHATPIMNQPADPSMDQDFDGLLPPAAIDDLLP
PAAIDSEGFAARGKFPA*

eIF4E-3a
KT429900

PLPDGLGDTSERTDC 
ADEGDVKDSTSLAPC

MAVEIGNPLPDGLGDTSERTDDADEGDVKDSTSLAPKHELQHHWCLWVHQRPGTQKDGA
WGDTQRMVHEFGTVEDFWCMFHYSYPPSKLEHVDYSLFKKGVTPAWEDPAFKGGGRWV
IKLEKVKAQSLDDLWLSLCLALIGEAFIDIGGTLVCGAIVSVRSRASKIALWLSQAKDEKKV
MAIGREYRNVLASTPCLSDLATKELTFEDFKKQAVTFVLSRPQTQEATAGVFQ*

eIF4E-3a
KU851958 N/A

MAQLLPQGGYLHPPNAWPRPTPGQEPSRQTALLELLYERSALPAEAWRPVVIDEDWRCFSFLAPKAIS
ADRTEYFRTRLLQTAPWVELKNTKGTSVTRSTCWYARGGCTCTYTYGRDLRMANSRSCGGQGASVP
VASNNSPTGAVDCPVPEEDSHKEFQATMAEIMEHVFNGVFQGFREEEWPNAANVNLYRDGRQAVG
WHADDESLFKGKESDCPIVSISLGASREFWVALKREGGSMEPDPKTVVEVDLQDGDVLTMEGRMQK
HCLHLVPKGNPRAPIREERINITFRWVREHKHHCPLRRVQQAVLPRSLGGIFGEVSSPLQPYFPQVLLF
TEPYLRSWSMEVAPGFLANPQHTEWRLCDNCKHVCYEEGRPCCEGAGEWSGQWFCRHCWGQWAP
SLTGDLPRGPLENFSQVYASGYGAYMEPHPQDCSWWGTCSPTAPPFHTVPEVDMSCWSPTQYAGAL
GLDPPLQPTTYMANNTLGCLSTAPPKPVSLHGEDRRPPPQPLQSRHPPLCISGIGTLSAGSTAIPSASSGS
NTPPAESKDGVDVDADHAAQQQHQDASGGSNRVEHNSRAAESDCPKWTVCGRRGIDALLEGADSL
AVNSNNTRSAMRQESGNVDEIRALLLKNKAAGGDAEFFDYALAVLDKKAVEEAGARVQAEQSEEDS
EVAGVNGHALESRWALWVLLVRDNLDWSEALSVVHDDICSVEELWGLLAHMHLPSALLDADYSMF
LQGVRPAREAPQVLNGGRWILALQSGGNQRGALPVDRYHDVVDKVWLEVVLALLGGSLENEAVNH
GDPLSCGVVVSMRGCDKDSLPGDQEPVRKKTNPSAKLALWLKGSQNRGQVRAVGNALLQVVSSTT
GAEDVPHGGWRLAFEDFASRSVTQRVSMPGIDHNSSGVVRAEE*

Peptide sequence used 
to generate antibodies Full amino acid sequence
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purification using protein solubilized after denaturation with urea and buffer exchange. 

Protein concentrations were determined using a Qubit™ protein assay kit (Life 

Technologies) and approximately 250 ng of each protein loaded per lane. Samples were 

analyzed using a 4-12 % Bis-Tris NuPAGE SDS-PAGE gel (Life Technologies) and 

separated by molecular weight using denaturing electrophoresis. Proteins were 

transferred to PVDF 0.2 µM membrane (BioRad) using the Bolt Mini Blot Module (Life 

Technologies) and western blot carried out using the iBind Western Blot Apparatus (Life 

Figure 3.7 Antibody specificity was confirmed using western blot against 
recombinantly expressed and purified eIF4E from E. coli
GST-tagged recombinant eIF4E was purified by GST-column chromatography or from 
inclusion body pellets* by urea solubilization and renaturation by buffer exchange. 
Protein concentrations were determined by a fluorometric assay and diluted to 25 ng/ul. 
250 ng were loaded per lane on a 4-12% Bis-Tris SDS-PAGE gel and seperarated by 
moelcular wieght. Proteins were transferred to PVDF membrane and used to perform 
western blot with an antibody generated to each eIF4E-derived peptide. Total protein 
loaded is displayed by Imperial stain of the SDS-PAGE gel after separation. 
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 Technologies). Affinity-purified rabbit polyclonal antibodies specific to each eIF4E 

family member (Table 3.4 and Figure 3.7) were used as the primary probe in western 

blotting. A goat anti-rabbit antibody conjugated to horseradish peroxidase (BioRad) was 

used as the secondary probe. Luciferase signal was visualized by incubation in Clarity 

Enhanced chemiluminescent (ECL) substrate (BioRad) and imaged using a FluorChem E 

(Protein Simple). Quantification of band intensities was performed using Imageview 

software (Protein Simple). All antibodies showed suitable specificity with no cross-

reaction with other eIF4E family members (Figure 3.7).  

3.2.8 Quantification of eIF4E levels from A. carterae extracts 

Protein levels for each eIF4E family member were assessed by western blot 

analysis using whole cell lysates solubilized into SDS-sample buffer. Western blot 

analysis was used to quantify the relative levels of each eIF4E family member from A. 

carterae for which an antibody and purified protein (>90 % pure) was available (Figure 

3.6 and Figure 3.7). Each recombinant protein concentration was quantified as discussed 

earlier and diluted into a two-fold standard curve either starting with 25 ng or 3 ng total 

protein loaded per lane of an SDS-PAGE gel. An actively growing mid-day culture of A. 

carterae was quantified for cellular concentration and centrifuged to yield a pellet of 

known cell number. This was suspended in 1X SDS-Sample buffer and boiled so that 

when diluted into a two-fold series it would start with either 2x105 or 5x105cells/lane. 

Some eIF4Es were present at such a low abundance compared to the others that the 

standard curve or cell equivalents had to be adjusted simultaneously to allow for the 

eIF4E in question to be visualized in the western blots.  
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  In contrast to transcript abundance, eIF4E-1a at the protein level is the most 

highly expressed of the family members, present at approximately 2.34x106 molecules 

per cell, about 5.5 fold greater than the next most abundant member, eIF4E-1d1, at 

4.28x105 molecules per cell (Figure 3.8). The amount of recombinant protein used in the 

standard curve had to be lowered by 10-fold for eIF4E -1c (2.07x102 molecules per cell) 

Figure 3.8 Quantification of each eIF4E family member per cell in A. carterae using 
western blot
Recombinant GST-tagged protein was purified from either the soluble or insoluble 
fraction of an E. coli lysate. Recombinant protein was quantified and diluted into a 
two-fold dilution standard curve starting at 25 nanograms for eIF4E-1a and eIF4E-1d1 or 
3 ng for eIF4E-1b, eIF4E-1c, eIF4E-2, and eIF4E-3a. This was used to compare to a 
dilution curve of A. carterae suspended and boiled directly in SDS-PAGE sample buffer. 
Four two-fold dilutions were loaded per well starting at 250,000 cell equivalents for 
eIF4E-1a and eIF4E-1d1 or 500,000 cell equivalents for eIF4E-1b, eIF4E-1c, eIF4E-2 
and eIF4E-3a. The pixel densities of each band from the standard curve were plotted and 
an equation derived to back calculate the level of each eIF4E blotted onto the same 
western blot. The nanogram quantities were converted into molecules per cell based on 
the molecular weight and cell equivalents loaded in that well. 
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and -2a (3.65x104 molecules per cell) in order to be in a suitable range (Figure 3.8). In 

whole cell lysates, eIF4E-1b was detected when the blot was overexposed without 

recombinant protein present (data not shown), but could not be detected in the dynamic 

range for quantification. However, eIF4E-3a was not detectable from lysates using 

western blot, even with overexposure. Another eIF4E-3a antibody was generated using a 

second epitope (Table 3.4) and used, but it also did not show expression of this family 

member (Figure 3.8).  

3.2.9 Proteomic analysis of a 27 to 33 kDa size fraction of proteins from A. carterae 

whole cell lysates 

To complement the western blot analyses, I performed a small-scale proteomics 

analysis of proteins from A. carterae in the 27-33 kDa range isolated from whole cell 

lysates and fractionated by SDS-PAGE. Gel bands corresponding to the 27-33 kDa 

location, based on the SeeBlue2 plus molecular weight ladder (Thermo Fisher Scientific), 

were excised with a clean scalpel. Gel bands were destained twice with 200 µl destaining 

solution (~25mM sodium bicarbonate in 50 % acetonitrile) and incubated at 37 °C with 

shaking for 30 minutes.  

Samples were processed using the In-Gel Tryptic Digestion Kit (Thermo 

Scientific) according to manufacturer’s protocol. The peptides generated were analyzed 

by electrospray ionization on an Elite tandem orbitrap mass spectrometer (Thermo 

Scientific Inc). Nanoflow HPLC was performed by using a Waters NanoAcquity HPLC 

system (Waters Corporation). Peptides were trapped on a fused-silica pre-column (100 

µm i.d. 365 µm o.d.) packed with 2 cm of 5 µm (200 Å) Magic C18 reverse-phase 

particles (Michrom Bioresources, Inc.). Subsequent peptide separation was conducted on 
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a 75 µm i.d. x 180 mm long analytical column constructed in-house and packed with 5 

µm (100 Å) Magic C18 particles, using a Sutter Instruments P-2000 CO2 laser puller 

(Sutter Instrument Company). The mobile phase A was 0.1 % formic acid in water and 

mobile phase B was 0.1 % formic acid in acetonitrile. Peptide separation was performed 

at 250 nl/min in a 95-minute run, in which mobile phase B started at 5 %, increased to 35 

% at 60 minutes, 80 % at 65 minutes, followed by a 5-minute wash at 80 % and a 25-

minute re-equilibration at 5 %. Ion source conditions were optimized by using the tuning 

and calibration solution recommended by the instrument provider. Data were acquired by 

using Xcalibur (version 2.8, Thermo Scientific Inc.). MS data were collected by top-15 

data-dependent acquisition. A full MS scan of range 350 – 2000 m/z was performed with 

60K resolution in the orbitrap followed by collision induced dissociation (CID) 

fragmentation of precursors in the iontrap at normalized collision energy of 35 %. The 

MS/MS spectra of product ions were collected in rapid scan mode.  

Acquired tandem mass spectra were searched for sequence matches against the 

UniprotKB database and custom 6-frame translated transcriptome database for A. 

carterae using COMET. The following modifications were set as search parameters: 

peptide mass tolerance at 10 ppm, trypsin digestion cleavage after K or R (except when 

followed by P), one allowed missed cleavage site, carboxymethylated cysteines (static 

modification), and oxidized methionines (variable modification/differential search 

option). PeptideProphet and ProteinProphet, which compute a probability likelihood of 

each identification being correct, were used for statistical analysis of search results. 

PeptideProphet probability ≥ 0.9 and ProteinProphet probability ≥ 0.95 were used for 

positive identification at an error rate of less than 1%. 
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 Significant coverage (greater than 3 independent peptides mapped) was shown for 

peptides mapping to eIF4E-1a, -1b, and -1d1 (Figure 3.9). Despite having difficulty 

measuring expression of eIF4E-1b by western blot analysis compared to recombinant 

protein, reasonable recovery of this peptide was achieved. This may be due to enrichment 

of eIF4E-1b from a small selection of proteins by size selection of a narrow protein 

fraction (27-33 kDa). Alternatively, it could reflect some post-translational modification 

of the antigenic site of the protein used to generate the antibody, preventing accurate 

quantification of the protein by western blot. In contrast, peptides mapping to eIF4E-3 

were not found, again indicating its lack of expression at the protein level. This provides 
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Figure 3.9 Mass spectrometry reveals three of the eIF4E family members isolated 
from a 27-33 kD protein fraction from A. carterae
An A. carterae cell pellet was boiled in SDS-PAGE sample buffer and proteins separated 
by PAGE. Using a protein molecular weight ladder, a band was excised that 
corresponded to proteins in the 27-33 kD range. After reduction with TCEP and 
alkylation by iodoacetamide, proteins were digested with trypsin using an in-gel Tryptic 
digestion kit according to the manufacturers protocol. Samples were analyzed by 
electrospray ionization on an Elite tandem orbitrap mass spectrometer. Acquired tandem 
mass spectra were searched for sequence matches against UniprotKB database and 
custom translated transcritome database for A. carterae using COMET. PeptideProphet 
probability ≥ 0.9 and ProteinProphet probability ≥ 0.95 were used for positive 
identification at an error rate of less than 1%.  The peptides were mapped back to the A. 
carterae eIF4E family members and displayed at the approximate position on the 
schematic amino acid sequence above. 
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confidence that eIF4E-1a, -1b, and -1d1 are translated to protein and found at the 

expected approximate size range (27-33 kDa) for an eIF4E from A. carterae (Table 

3.1A), except for eIF4E-3b (at 99.1 kDa), which would not be found in this range.  

 3.3 Summary 

 A computational analysis of each eIF4E family member suggests that they fold 

into a 3-dimensional structure that models with high confidence as an eIF4E domain 

(Figure 3.3). An analysis of relative transcript levels shows that all eight eif4e genes in A. 

carterae are expressed and do not vary between a mid-day and mid-night time point, 

except for eIF4E-1d2 and eFi4E-3b (Figure 3.5). Antibodies were produced that showed 

high titer and specificity against each eIF4E chosen for study from A. carterae (Figure 

3.6 and 3.7). A determination of protein levels by western blot shows that eIF4E-1a is 

expressed at higher protein levels, at least 5.5-fold higher, than any of the other eIF4E 

family members (Figure 3.8). Shotgun mass spectrometry also indicates that eIF4E-1a, 

eFI4E-1b, and eIF4E-1d1 are present as proteins at the approximate molecular weight 

predicted from the translated transcriptome sequences (Figure 3.9).  

It should be noted that while eIF4E-1a and eIF4E-1d1 were the most highly 

expressed eIF4E family members at the protein level, eIF4E-3a was the most highly 

expressed transcript. In fact, expression of eIF4E-3a at the protein level could not be 

found by western blot analysis using antibodies raised against two different epitopes of 

the protein or by shotgun mass spectrometry. This lack of correspondence is particularly 

significant because many investigators have relied on transcriptome analysis to look at 

the response of dinoflagellates to different challenges. Here I show that transcript level 

and protein expression are not necessarily directly linked in our model dinoflagellate. In 
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addition, I have developed a set of molecular tools and recombinant proteins for use in 

functional characterizations of each eIF4E family member from A. carterae.  
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Chapter 4 

Functional analysis of eIF4E family members from the dinoflagellate 

Amphidinium carterae3 

4.1 Introduction 

Dinoflagellates are ecologically important microbial eukaryotes of marine and freshwater 

habitats known for the formation of toxic blooms in coastal waters (Anderson et al., 

2012), for providing the most abundant source of bioluminescence in the ocean (Widder, 

2010), and for being essential symbionts of coral (Davy et al., 2012). They are members 

of the superphylum Alveolata, which also includes ciliates and apicomplexans. Molecular 

clock analyses indicate that dinoflagellates and apicomplexans diverged 800–900 million 

years ago (Wisecaver and Hackett, 2011; Hackett et al., 2007). 

All core dinoflagellates have distinct genomic characters such as liquid-crystalline 

chromosomes condensed throughout the cell cycle (Spector et al., 1981; Bhaud et al., 

2000), very large nuclear genome content (Wisecaver and Hackett, 2011), replacement of 

histones with histone-like basic nuclear proteins (Gornik et al., 2012), and substitution of 

~70 % thymine with 5-hydroxymethyluracil (Rae and Steele, 1978; Williams and Place, 

2015). In addition, gene copies are arranged in tandem arrays (Bachvaroff and Place, 

2008) that may or may not be polycistronically transcribed (Lidie and Van Dolah, 2007; 

Beauchemin et al., 2012), mRNA is capped by trans-splicing (Lidie and Van Dolah, 

2007; Zhang et al., 2007), and there is a reduced role for transcriptional regulation 

compared to other eukaryotes (Johnson et al., 2012; Roy and Morse, 2013; Roy et al., 

                                                
3 Adapted from Jones, G.D., Haq, S., Williams, E.P., Bachvaroff, T.R., Place, A.R. and 
Jagus, R. (2016). Not all copies are the same: Functional analysis of eIF4E family 
members from the dinoflagellate Amphidinium carterae. To be Submitted.  
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2014). This leaves many open-ended questions concerning how an organism, with this 

many divergent genetic traits from well-studied model eukaryotes, responds at the 

biochemical level to its environment. 

Mounting evidence shows that dinoflagellates exhibit little transcriptional 

regulation of gene expression (Morey and Van Dolah, 2013; Roy and Morse, 2013), but 

have been widely demonstrated to show changes in the proteome (Miller-Morey and Van 

Dolah, 2004; Lee et al., 2009; Liu et al., 2012). One of the earliest studies to suggest that 

dinoflagellates may be unique in their regulation of gene expression concerned the 

bioluminescence of Lingulodinium polyedrum (Morse et al., 1989). The mRNA level of 

the luciferase binding protein of Lingulodinium polyedrum is maintained throughout a 

diel cycle, while protein abundance increases only at night and decreases to non-

detectable levels during the day. This has since been followed up with microarray, 

signature sequencing measurements, and RNAseq analysis of other dinoflagellate 

species. These studies found that very little of their transcriptome (~5–30 %) appeared to 

be regulated at the level of transcription (Van Dolah et al., 2007; Johnson et al., 2012; 

Moustafa et al., 2010; Roy et al., 2014). Many studies have pointed to mRNA 

recruitment as being important in dinoflagellates (Fagan et al., 1999; Van Dolah et al., 

2009). However, advances beyond this widely agreed-upon hypothesis have been slow, 

mostly due to the lack of resources to study the biochemistry of a phylum of protists 

lacking immediate links to human health and disease. 

Currently, dinoflagellate genomes are represented only by a draft assembly of two 

closely related coral reef symbionts, Symbiodinium B-1 and Symbiodinium kawagutii 

(Shoguchi et al., 2013; Lin et al., 2015). These are great resources for the dinoflagellate 
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community, but they represent the smallest genomes of purely symbiotic lineages and 

therefore may not encompass the full set of gene diversity and life strategies present in 

the overall dinoflagellate family. However, a wealth of sequence data has recently been 

made available from the transcriptomic datasets collected under the Marine Microbial 

Eukaryote Transcriptome Sequencing Project (MMETSP, 

http://marinemicroeukaryotes.org/). For the first time, there is a resource for performing 

comprehensive genetic analysis of multiple dinoflagellate species. Our group has used 

this resource in past studies to identify the core translational machinery of dinoflagellates 

with the anticipation that this will lead to a better understanding of their propensity to 

control gene expression post-transcriptionally (Jagus et al., 2012; Jones et al., 2015). 

Here I focus on translation initiation as a point of control and in particular on the 

eukaryotic translation initiation factor eIF4E. 

Translation initiation is a coordinated rate-limiting process involving many 

components that function to recruit mRNA to the protein translation machinery [reviewed 

in (Aitken and Lorsch, 2012; Hinnebusch, 2012; Fraser, 2015)]. This multistep process 

has been relatively well-defined in model systems such as the yeast, S. cerevisiae, and 

mouse/human. mRNA recruitment involves the binding of the translation initiation factor 

eIF4E to the 7-methylguanosine cap structure at the 5’-end of mRNA [reviewed in 

(Jackson et al., 2010; Topisirovic et al., 2011; Hinnebusch, 2014)]. eIF4E interacts with 

the scaffold protein eIF4G and additional initiation factors, such as eIF4A, that enable 

recruitment of the 43S preinitiation complex (PIC) to mRNA. Through phylogenetic 

analysis, eIF4E has been shown to be part of an extended gene family found exclusively 

in eukaryotes (Hernández and Vazquez-Pianzola, 2005; Hernández et al., 2016; Joshi et 
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al., 2005). In plants, fungi and metazoans, eIF4E family members form three classes; 

Class I, Class II and Class III (Joshi et al., 2005), with Class I containing the canonical 

cap binding translation factors. The other eIF4E family members may not function to 

promote translation initiation [reviewed in (Rhoads et al., 2007; Rhoads, 2009)]. 

Different eIF4E family members have variable abilities to interact with either the mRNA 

cap or fellow initiation factors and show discrete tissue expression patterns [reviewed in 

(Joshi et al., 2005; Tettweiler et al., 2012; Zinoviev and Shapira, 2012)]. One of the best 

examples of a regulatory eIF4E is D. melanogaster 4EHP/eIF4E-2, a Class II eIF4E, 

which binds the mRNA cap, but not eIF4G. Instead it interacts with the eIF4E-interacting 

proteins (4E-IPs) bicoid and brat to repress translation of caudal and hunchback mRNA 

(Cho et al., 2006; Cho et al., 2005). In addition to generating embryonic specification, 

Drosophila 4EHP/eIF4E-2 has an essential function in regulating ecdysone biosynthesis 

(Valzania et al., 2016). However, in any one species there must always be at least one 

eIF4E family member that functions as a general translation initiation factor (Hernández 

and Vazquez-Pianzola, 2005), whereas the others promote or inhibit translation of 

specific mRNA or classes of mRNAs.  

Our previous study of the eIF4E family showed a wide diversity and number of 

orthologs (Jagus et al., 2012). Even more striking was the number and diversity of 

eIF4Es found in the dinoflagellate lineages. Analysis of the transcriptomes of eleven 

dinoflagellate species established that each species encodes between 8-15 eIF4E family 

members, a number surpassing that found in any other eukaryote including other 

alveolates (Jones et al., 2015). These analyses showed that alveolate eIF4E could not be 

grouped confidently into the groupings previously established for metazoa/plants/fungi. 
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Instead, alveolate eIF4Es fall into three phylogenetic clades that are distinct from the 

three classes described for plants, fungi, and metazoans. The three clades can be further 

divided into nine sub-clades, with multiple members in each sub-clade in some species. 

Here I undertook a detailed examination of seven of the eight eIF4E family members in 

Amphidinium carterae, a basal core dinoflagellate. Amphidinium carterae represents one 

of the more well-studied dinoflagellate species and has begun to emerge as a “model” for 

dinoflagellates (Murray et al., 2012). This species grows well in culture to high cell 

densities, is available from culture collections, has a relatively small genome of about 5.9 

pg per cell (LaJeunesse et al., 2005) and contains the typical dinoflagellate plastid with 

the peridinin pigment. Because of these features, I chose to work with this species to 

begin characterizing the biochemical mechanisms of translational control. I hope to apply 

these findings from a “model dinoflagellate” to the group as a whole.   

This chapter describes the initial investigation of A. carterae eIF4E family 

members. I validated the specificity of antibodies designed to each eIF4E and used 

recombinant protein to quantify their relative abundance from a cell lysate in the previous 

chapter (Chapter 3). Here I show that eIF4E-1a in A. carterae is the probable candidate to 

serve as the general translation initiation factor based on its ability to interact with the 

mRNA cap structure in vitro and ex vivo, its accessibility in the cytoplasmic compartment 

of the cell, and its ability to complement a yeast conditionally deficient in eIF4E. 

Additionally, I developed a novel surface plasmon resonance assay to characterize the 

affinities of three eIF4E family members from A. carterae and compared those to the 

well characterized murine eIF4E-1A.  
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4.2 Results 

4.2.1 A. carterae eIF4E-1a and -1d are functionally equivalent to human eIF4E-1 in S. 

cerevisiae 

Although there is considerable sequence divergence between human eIF4E-1 and 

S. cerevisiae eIF4E (31 % identity), the mammalian factor can sustain growth of yeast 

conditionally deficient in eIF4E. The previously developed yeast strain, JOS003 (Joshi et 

al., 2002), was used to compare the functionality of zebrafish eIF4E-1A and eIF4E-1B 

(Robalino et al., 2004). The JOS003 strain lacks the endogenous yeast eIF4E gene and 

expresses human eIF4E-1 inserted in the pRS415 leu (-) vector under the control of the 

galactose-dependent and glucose-repressible GAL1 promoter. As a consequence, strain 

JOS003 is able to survive in medium containing galactose as carbon source but is not 

viable in medium containing glucose due to depletion of the human eIF4E-1. Growth of 

JOS003 in glucose can be mediated by ectopic expression of a functional eIF4E, 

regulated by a promoter in the pRS416 ura (-) vector, which is active in the presence of 

glucose. The cDNAs encoding the A. carterae eIF4E cognates were codon-optimized for 

yeast and cloned into pRS416, allowing expression from the constitutively active 

glyceraldehyde-3-phosphate dehydrogenase (GPD) promoter. Following transfection and 

selection on media lacking uracil, the yeast cells containing control vector, or constructs 

for the expression of eIF4E-1a, -1b, -1c, 1d1, eIF4E-2a and eIF4E-3, were streaked on 

selective plates; SD -Ura, -Leu containing either galactose or glucose as carbon source 

(Figure 4.1). 

Zebrafish eIF4E-1A and -B were used as positive and negative controls, 

respectively. As previously reported, zebrafish eIF4E-1A was capable of 
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complementation, while eIF4E-1B was not, likely due to its inability to interact with the 

cap structure or eIF4G (Robalino et al., 2004). Of the A. carterae eIF4Es, only eIF4E-1a 

and eIF4E-1d1 were able to rescue growth of this yeast test strain (Figure 4.1). Of note, 

eIF4E-1d2 did not complement, despite being the closest related family member to 

eIF4E-1d1, another reason this eIF4E family was not pursued for further study (Figure 

4.2). The eIF4E family member with the highest identity/similarity to S. cerevisiae eIF4E 

and human eIF4E-1A, A. carterae eIF4E-3a, was also not able to rescue growth. 
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Figure 4.1 A. carterae eIF4E-1a and eIF4E-1d1 complement yeast lacking its 
endogenous eIF4E gene
The S. cerevisiae strain, JOS003 (Joshi et al. 2002), was transformed with the 
Ura-selectable vector, pRS416GPD, that was empty or containing cDNAs encoding one 
of the following: A. carterae eIF4E-1a, -1b, -1c, -1d1, eIF4E-2a, eIF4E-3a. pRS416GPD 
constructs containing Zebrafish eIF4E-1A and -1B were also included as positive and 
negative controls, respectively (Robalino et al. 2004). Following selection on SC 
medium with galactose lacking uracil and leucine, yeast from the resulting single 
colonies were transferred to YP-agar media containing G418 and either glucose (right) or 
galactose (left) as carbon source and allowed to grow at 30 °C for 72 h.
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 Codon optimization may have a role in protein synthesis efficiency and stability 

in a heterologous host (Presnyak et al., 2015; Koutmou et al., 2015) which led me to 

generate codon optimized translation constructs for the A. carterae eIF4E family 

members. In general, eIF4Es from phylogenetically distant organisms are considered too 

divergent to complement a missing yeast eIF4E. For instance, although Drosophila 

eIF4E-1, -2, -3, -4 and eIF4E-7 (all Class I eIF4E family members) are able to 

complement the lack of eIF4E in a yeast CDC33(eIF4E)-knockout strain (Hernández et 

al., 2005), eIF4Es from the phylogenetically more distant trypanosomes cannot (Yoffe et 

al., 2006). Interestingly, codon optimization did not have any additional positive effect on 
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Figure 4.2 A. carterae eIF4E-1a and eIF4E-1d1, but not eIF4E-1d2, complement 
yeast lacking its endogenous eIF4E gene
The S. cerevisiae strain, JOS003 (Joshi et al. 2002), was transformed with  the 
Ura-selectable vector, pRS416GPD, empty or containing cDNAs encoding one of the 
following: A. carterae eIF4E-1d1, eIF4E-1d2 codon-optimized for yeast; eIF4E-1a, 
either codon-optimized or non-optimized for yeast. pRS416GPD constructs containing 
Zebrafish eIF4E-1A and -1B were also included as positive and negative controls 
respectively (Robalino et al. 2004). Following selection on SC medium with galactose 
lacking uracil and leucine, yeast from the resulting single colonies were transferred to 
YP-agar media containing G418 and either glucose (right) or galactose (left) as carbon 
source and allowed to grow at 30 °C for 72 h.
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the ability for eIF4E-1a to rescue growth (Figure 4.2). Overall, only A. carterae eIF4E-1a 

and eIF4E-1d1 complement the S. cerevisiae eIF4E conditional knockout. 

4.2.2 Recombinant eIF4E-1 and eIF4E-3 family members from A. carterae interact with 

the m7GTP cap analogue, but eIF4E-2 does not 

To test the ability of the eIF4Es from A. carterae to function as cap-binding 

proteins, I assayed their recombinant version’s ability to bind to m7GTP-Sepharose beads 

(Figure 4.3A and Figure 4.4). Recombinant eIF4E proteins were in vitro 

transcribed/translated from codon-optimized pCITE4a constructs and radiolabeled using 

35S-methionine essentially as described previously (Robalino et al., 2004). The translated 

products were incubated with an m7GTP-Sepharose bead slurry, and the unbound, and 

bound fractions were analyzed by SDS-PAGE and autoradiography. A low concentration 

of GTP (0.1 mM) was included in all the buffers, to minimize non-specific binding, as 

well as a pre-blocking step with 1mg/ml soybean trypsin inhibitor. Luciferase was 

included as a negative control. eIF4E-1a, -1b, -1d1, and eIF4E-3a bound m7GTP-

Sepharose, as well as the positive control IFE-1. Neither eIF4E-2 nor eIF4E-1c bound to 

m7GTP in this assay (Figure 4.3A and Figure 4.4). Binding to trimethylated-guanosine 

(TMG), the cap structure present in C. elegans trans-spliced mRNAs, was also tested 

using TMG-Sepharose (a generous gift of Edward Darzynkiewicz, Ph.D., University of 

Warsaw). eIF4E-1b and eIF4E-1c, and eIF4E-2a showed some affinity for the TMG cap 

analogue, as did the known TMG-binding eIF4E, IFE-1, of C. elegans (Figure 4.3B and 

Figure 4.4). IFE-1 (NCBI Gene ID: 176755), the mRNA cap binding protein from C. 

elegans (Keiper et al., 2000) bound well in both assays, while the majority of Renilla 

luciferase came out in the unbound fraction.
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Figure 4.3 m7GTP and TMG cap binding ability of A. carterae eIF4E family 
members 
Using the expression vector pCITE-4a, each A. carterae eIF4E family member, along 
with C. elegans IFE-1 and luciferase, were synthesized in vitro in coupled 
transcription-translation reactions (50 μl) as described in Materials and Methods. 
Following synthesis, the reaction mixes were applied to m7GTP- or TMG-Sepharose 
beads (50 μl). The ability to interact with A) m7GTP or B) TMG cap was assessed by 
measuring the TCA-precipitable 35S in the unbound and bound fractions after loading, 
equilibrating, and washing the cap-Sepharose columns. The counts were expressed as a 
percent of the total counts from the unbound and bound fractions combined. The binding 
of A. carterae eIF4E family members were compared to that of a positive control, 
C. elegans IFE-1, and a negative control, luciferase.
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4.2.3 Only eIF4E-1a can be isolated from A. carterae cell lysates by binding to m7GTP-

Sepharose beads  

 To examine which endogenous eIF4E(s) from A. carterae have the ability to act 

as a cap binding translation initiation factor, I tested the ability of native protein derived 

from a cell lysate to bind the m7GTP-Sepharose beads. Using m7GTP-Sepharose beads, 

only eIF4E-1a can be isolated from A. carterae cell lysates (Figure 4.5). Other family 

members, eIF4E-1b, eIF4E-1c, or eIF4E-2a, were found by western blot either only in the 

unbound or wash fraction, or in the case of eIF4E-1d1 only in the pelleted insoluble 

fraction generated after cell lysis. Again, I could not find expression of eIF4E-3a in any 

fraction. eIF4E-1b was detected, but only in the pelleted and unbound fractions, likely 

due to the high cell equivalents loaded for this assay. These data demonstrate that eIF4E-

1a is soluble and accessible in the cell lysate for binding to the cap analogue beads, but 
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Figure 4.4 Assessment of the m7GTP and TMG cap binding capability of the eIF4E 
family members from A. carterae
Using the bound and unbound fractions from the experiments described in Figure 4.3, the 
ability to interact with m7GTP or TMG-Sepharose beads was assessed by separating the 
proteins from each fraction by 14% SDS-PAGE, transferring to PVDF membrane, and 
imaging using a storage phosphor screen by a Typhoon imager. A. carterae eIF4E family 
members were compared to a positive control, C. elegans IFE-1, and a negative control, 
luciferase. The load in each fraction represented 5 % of the original reaction mix.
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that eIF4E-, -1b, -1c, and 1d1, and -2a may be compartmentalized, inaccessible, unable to 

bind the cap structure due to modifications or pre-bound to other binding partners.  

 

4.2.4 Purification of recombinant eIF4E and surface plasmon resonance analysis of cap 

binding 

 Binding to bead-bound cap analogs was used as the first approximation of cap 

binding functionality. However, such assays provide no quantitative assessment of cap 

binding ability. To obtain equilibrium affinity constants for interactions between A. 

carterae eIF4Es and the mRNA cap I used Biacore surface plasmon resonance 

technology. Surface plasmon resonance was used because previous work from other 

groups have established this is a viable assay for measuring affinity of eIF4E for the cap 

structure (von der Haar et al., 2000; von der Haar et al., 2006). In addition, the current 

version of the SPR technology, Biacore T-200, is able to detect very small changes in 

response units, and therefore it is a direct measure of mass changes caused by the low 
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Figure 4.5 eIF4E-1a is the only A. carterae eIF4E family member that can be 
recovered from A. carterae cell lysate by m7GTP-Sepharose chromatography
Extracts were prepared from a mid day actively growing A. carterae culture as described 
in Materials & Methods. The ability of the native eIF4E family members to bind 
m7GTP-Sepharose beads was assessed by comparing the relative amounts found in the 
bead-bound fraction compared with that found in the cell pellet and unbound fractions. 
The level of each eIF4E family member in each fraction was determined after 
SDS-PAGE fractionation followed by western blot analysis using antibody generated 
against each eIF4E family member. eIF4Es were visualized by enhanced 
chemiluminescence which was detected and the image generated using the Protein 
Simple Fluorochem E imager.
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molecular weight cap structure, with low background (personal communication, Michael 

Murphy, Ph.D., Biacore). Two of the A. carterae eIF4E family members likely to be 

involved in general translation according to the previous data were tested; eIF4E-1a and 

eIF4E-1d1. In addition, one eIF4E that is predicted to be missing the necessary 

electrostatic interactions to interact with the cap structure was tested; eIF4E-2a. The 

strategy was to use recombinant glutathione-s-transferase (GST)-tagged eIF4E bound to 

an anti-GST chip with the different cap structures injected over the chip. Putting a small 

analyte over a large protein gives only a small signal that would have been beyond the 

reach of earlier Biacore technology. The alternative would have been to use biotinylated 

cap structures bound to streptavidin chips and inject the recombinant eIF4Es. However, 

on surfaces bearing immobilized RNAs, the high density of phosphate moieties creates a 

relatively high net negative charge which attracts proteins with an isoelectric point above 

the relevant buffer conditions, and can lead to strong, non-specific ionic interactions. In 

addition, preliminary experiments with immobilized capped-RNA and GST-fusion eIF4E 

produced kinetic data that Biacore software was unable to resolve whether there was a 

one-to-one ligand:analyte interaction or if the dimerization of the GST-fusion protein 

(data not shown) was causing the kinetic response seen. Experiments were performed to 

cleave the GST-tag from the fusion protein, but found that the eIF4E domain became 

unstable and aggregated out of solution without the tag (data not shown). Furthermore, 

experiments to purify refolded His-tagged eIF4E-1a failed to yield active protein in an 

alternative fluorescent quenching assay to study m7GTP affinity (Gerald Wilson, Ph.D., 

personal communication).  
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 It was found during the course of experimentation that it was difficult to obtain 

high-quality and consistent data in SPR binding affinity measurements using the protein 

purified solely by GST chromatography. Not only does GST-tagged eIF4E form dimers, 

as has been described for GST itself (Ji et al., 1992), but also larger multimers that 

remain soluble and can be observed in gel filtration chromatography as multiple wide 

peaks (Figure 4.6B, blue chromatogram). This has been observed by other groups where 

dimeric (or multimeric) forms of non-cap bound eIF4E (apo-eIF4E) can create soluble 

aggregates in solution (Slepenkov et al., 2008; Volpon et al., 2006). In addition, it has 

been reported that non-cap bound eIF4E is unstable in HEPES-containing buffers 

(Volpon et al., 2006). Aggregation of recombinant human eIF4E has been reported to be 

caused by intermolecular disulfide bonds dispersed by using dithiothreitol at 50 mM 

(Stern et al., 1993). Soluble aggregates of A. carterae eIF4E could be 

prevented/dispersed by treating GST-tagged protein with 50 mM dithiothreitol, 

centrifuging out precipitated protein and performing all binding experiments using a 

potassium phosphate buffer. In summary, GST-tagged proteins were purified by 

glutathione affinity column chromatography, dithiothreitol treatment to disperse inactive 

(or multimeric) complexes (Figure 4.6A), and gel filtration to isolate GST-fusion protein 

dimers of the appropriate molecular weight (Figure 4.6B). Protein folding was measured 

based on ability to purify protein using GST affinity chromatography, a measure of the 

GST-tag folding, elution of a single peak with high symmetry from the gel filtration 

column, and elution at a volume calculated to correspond to a molecular weight that 

approximated the expected molecular weight for a GST-fusion dimer compared to a 

protein standard curve (Figure 4.6 and Figure 4.12). I also verified our methodology 
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Figure 4.6 Reducing agent treatment of GSTrap purified A. carterae eIF4E-1a  
resolves recombinant protein aggregates
A. GSTrap purified A. carterae eIF4E-1A was treated with 50 mM DTT and the soluble 
protein recovered after centrifugation at 1000 x g. The soluble protein recovered post 
DTT treatment was subjected to size exclusion chromatography using a Sephacryl S-300 
HR gel filtration column. Column fractions were monitored by 280 nm UV absorbance  
and analyzed by SDS-PAGE to visualize protein by staining with Imperial stain and 
comparing the precipitate (lane 2) , soluble (lane 3) and gel filtered fractions (lanes 4-15). 
B. Chromatogram of collected fractions after size exclusion chromatography of the 
DTT-treated sample (red line) and untreated sample (blue line).
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using the well-characterized mouse eIF4E-1A, for which cap binding affinity has been 

defined (Niedzwiecka et al., 2002; Osborne et al., 2013; Friedland et al., 2005). 

I tested the affinity of each fusion protein, including mouse eIF4E-1A against the 

cap analogs: m7GpppG, m7GpppC, m7Gppp, GpppG, and Gppp. Steady state affinities were 

calculated from a dose response curve fit of Rmax changes with each successively higher 

concentration of analyte (cap structure) (Figures 4.7, 4.8, and 4.9). For most of the cap 

structure analogs tested, the fast changes in response units (RUs) made it impossible to 

calculate a kinetic fit to the sensorgrams. Instead, only steady state affinity could be 

derived by plotting the Rmax changes (a single time point of data along the 60 second 

injection) against the concentration of analyte in that injection. A kinetic fit of the 

sensorgram was only possible with eIF4E-1d1 and murine eIF4E-1A when tested with 

m7GpppC. A fit of the curve produced reliable data for the “on” and “off” rates with a 

calculated Kd affinity based on the Kon and Koff rates.  

Murine eIF4E-1A has a Kd of 0.2 µM for m7GTP, within the range of other 

studies, (Minich et al., 1994; Niedzwiecka et al., 2002; Osborne et al., 2013). eIF4E-1a 

and -1d from A. carterae have more than a ten-fold lower affinity for m7GTP (3.5 and 3.3 

µM). However, both eIF4E-1a and -1d (Kd of 18 µM and 35 µM, respectively) have 

approximately the same affinity, within the margin of error, as murine eIF4E-1A (Kd = 60 

µM) for m7GpppG. In addition, A. carterae eIF4E-1a has a higher affinity than murine 

eIF4E-1A for m7GpppC (11 µM and 70 µM respectively) (Table 4.1). In contrast, eIF4E-2 

either did not show any response for the cap structures m7GTP and m7GpppC, or very low 

affinity for m7GpppG (Kd = 470 µM), in line with functional predictions.  No eIF4E 

displayed any affinity for GTP (data not shown) and only displayed very low affinity for 
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the GpppG non-methylated dinucleotide (Table 4.1). The kinetics of binding were 

different for the m7GpppC cap structure, with a very slow “on” (92.2 – 87.4 M-1 S-1) rate 

and a relatively slow, but measurable “off” (0.0076 – 0.006 S-1) rate for eIF4E-1d1 and 

murine eIF4E-1A, but not for eIF4E-1a (Figures 4.7C, 4.8C and 4.9C).  

 

  

Table 4.1 The binding affinity of purified A. carterae eIF4E for three separate cap 
structure analogs using surface plasmon resonance
Recombinant GST-tagged eIF4Es were purified from E. coli and loaded onto a surface 
plasmon resonance chip coatedwith an anti-GST antibody. Binding experiments were 
carried out in phosphate-buffered potassium buffer (20 mM sodium phosphate pH 7.5, 
150 mM KCl, 0.05 % Tween-20) at 25 °C. A two-fold dilution series (250 - 1.95 uM for 
the dinucleotides and 62.5 - 0.97 uM for the mononucleotides) was used to measure the 
change in response for each cap structure analogue. All equilibrium dissocation constants 
(Kd) were calculated based on a fit to a dose response curve *except for the affinity of 
eIF4E-1d1 and murine eIF4E-1A for m7GpppC which was calculated from the “on” and 
“off” rates derived by fit to the response curves by Biacore software algorithms.  

Cap Binding Protein

eIF4E-1a

eIF4E-1d1

Murine eIF4E-1A
eIF4E-2a

Kd  [μM]

18 ± 4.7  

35 ± 19

60 ± 49
470 ± 220

m7GpppG

Kd  [μM]

11 ± 3.1

82 ± 86*

70 ± 87*
No affinity

m7GpppC

Kd  [μM]

1730 ± 3700

1000 ± 110

320 ± 38.0
670 ± 19.0

GpppG

Kd  [μM]

3.5 ± 1.2

3.3 ± 0.8

0.2 ± 0.6
No affinity

m7Gppp
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Figure 4.7 Surface plasmon resonance (Biacore) analysis of the binding kinetics and 
dose response of A. carterae eIF4E-1a for three mRNA cap analog structures
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Figure 4.8 Surface plasmon resonance (Biacore) analysis of the binding kinetics and 
dose response of A. carterae eIF4E-1d1 for three mRNA cap analog structures
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Figure 4.9 Surface plasmon resonance (Biacore) analysis of the binding kinetics and 
dose response of Murine eIF4E-1A for three mRNA cap analog structures
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4.3 Discussion 

4.3.1 eIF4E-1a emerges as the likely translation initiation factor 

Of the eight eIF4E family members in the dinoflagellate A. carterae, only eIF4E-

1a emerges with characteristics consistent with the role of a prototypical initiation factor. 

eIF4E-1a is the most conserved amongst the dinoflagellate species surveyed in a 

phylogenetic analysis (Jones et al., 2015). eIF4E-1a is the most highly expressed eIF4E 

family member at the protein level (Figure 3.8) and is able to complement a yeast strain 

conditionally deficient in eIF4E (Figures 4.1 and 4.2). eIF4E-1a appears to be free in the 

cytoplasm to bind the cap structure by cell lysis and m7GTP pull-down (Figure 4.5). 

Finally, eIF4E-1a has the highest affinity for m7GpppG and m7GpppC by surface plasmon 

resonance analysis (Table 4.1 and Figure 4.7). eIF4E-1d1 is the next promising candidate 

to fulfill the role of a canonical cap binding translation factor. It displays many of the 

same characteristics, but was inaccessible to a pull-down assay from a cellular lysate of 

A. carterae (Figure 4.5). I used a series of in vitro and in vivo biochemical assays to make 

these determinations.  

Our first approximation of cap binding ability used recombinant radiolabeled in 

vitro transcribed/translated eIF4E proteins and pulled these proteins down using m7GTP-

Sepharose (Figures 4.3 and 4.4). I could consistently pull down most of the Clade 1 and 

Clade 3 eIF4E family members, but not Clade 2 eIF4E, reflecting earlier predictions that 

eIF4E-2a has a reduced ability to bind the cap structure due to missing electrostatically 

charged amino acids in the correct positions for interacting with the pyrophosphate of the 

cap (Jones et al., 2015). Alternatively, the in vitro translated eIF4E-2a may not be folded 

correctly for proper function. In contrast, when m7GTP-Sepharose bead binding was used 
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to determine what eIF4E family members in the cell were capable of interacting with the 

cap structure only eIF4E-1a could be retrieved from cell lysates indicating its role as the 

cytoplasmic soluble constitutive translation factor (Figure 4.5). The other eIF4E family 

members were found mostly in the pelleted cellular mass left over after cell lysis or in the 

unbound fraction, implying that they are not as accessible to the cytoplasm (eIF4E-1d1), 

bind with too low of affinity (eIF4E-1b, -1c, and eIF4E-2a), or are not expressed as 

protein (eIF4E-3a). I followed up this analysis by testing whether any of these putative 

cap binding proteins could complement a yeast strain conditionally deficient in eIF4E. 

Interestingly, both eIF4E-1a and eIF4E-1d1 were able to functionally complement and 

restore growth. This is the first report of a protist eIF4E functioning as a translational 

initiation factor in yeast (Yoffe et al., 2006; Li and Wang, 2005). Again, this points to 

eIF4E-1a as a functional initiation factor and eIF4E-1d1 as a possible second translational 

initiation factor under certain conditions. While eIF4E-1d2 is relatively closely related to 

eIF4E-1d1, it does not complement a yeast mutant and therefore may have a more unique 

role in regulation.  

Surface plasmon resonance analysis was used to measure the affinity and kinetics 

of binding the mRNA cap analogs with the intention that this assay would serve as a 

direct measure of the interaction of a protein with its RNA ligand. SPR has been used 

previously, but in a modified form, to study the same eIF4E:cap interaction (Von der 

Haar et al., 2000). In the study by Von der Haar et al., they find that using biotinylated 

RNA, capped at the 5’ end, yeast eIF4E has an affinity of 3.6 µM for m7GTP, but 

demonstrated very fast kinetic association and dissociation from the ligand. These data 

correlate relatively well with the stopped-flow measurements taken by Slepenkov et al. 
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(Slepenkov et al., 2006), who determined that while the stopped-flow measurements of 

Kon and Koff were faster, they concluded this was because SPR is unable to measure 

kinetics above 107 M-1 S-1 for “on” rates and 0.1 S-1 for “off” rates (Myszka, 1997). In 

addition, Slepenkov et al. proposed that the binding of eIF4E to the mRNA cap is a first-

order, single-step process of binding. However, they also proposed that this is a two-step 

process that involves the de-dimerization of eIF4E from a dimer or oligomer state that 

then allows for inactive monomers to become available for binding the cap structure 

(Slepenkov et al., 2006). In any case, while kinetic rate values of association and 

dissociation may be difficult or impossible to obtain with SPR, a steady-state dose 

response curve would allow for quantitative analysis of binding affinity for each cap 

analog tested. Both of these techniques harbor an advantage over an assay that utilizes the 

fluorescent quenching of tryptophan to determine affinity. SPR and isothermal 

calorimetry both serve as direct measurements of proteins interacting with their ligand, 

while it cannot always be assumed that quenching of tryptophan fluorescence is the result 

of a protein binding its ligand. 

As a final test of functionality, the affinities of the candidate translation initiation 

factors (eIF4E-1a and eIF4E-1d1) and our predicted non-cap binder (eIF4E-2a), for 

various mRNA cap analogues were measured using surface plasmon resonance. Murine 

eIF4E-1A was used as a comparison. eIF4E-1a, eIF4E-1d1, and murine eIF4E-1A have 

affinities in the micromolar range for m7GpppG, m7GpppC, and even higher affinity for 

m7GTP. This is in line, albeit with lower affinities, than has been shown for murine 

eIF4E-1A, human eIF4E-2 (4E-HP), and murine eIF4E-3 in other studies (Table 4.2) 

(Niedzwiecka et al., 2002; Zuberek et al., 2007; Osborne et al., 2013).  
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This cannot be due simply to the use of GST-tagged proteins. Although this could 

potentially lower affinity for the ligand, the GST-tagged mouse eIF4E-1A has more than 

a ten-fold higher affinity with a Kd for m7GTP in accordance with the work of others 

(Osborne et al., 2013). It seems more likely that the insertions between W56 and W102 

found in both A. carterae eIF4E-1a and -1d1 may interact with higher affinity to a more 

highly-modified cap structure such as that seen in trypanosomes and other organisms that 

also trans-splice their mRNAs (Lasda and Blumenthal, 2011). In addition, eIF4E-2a was 

shown to have very little or no affinity for any of the cap analogs tested. I attribute this to 

the lack of positively charged amino acids in the correct position to interact with the 

negatively charged phosphate bridge of the cap structure. This would explain its apparent 

lack of affinity despite folding into the overall appropriate structure by in silico analysis. 

However, this does not exclude the possibility that eIF4E-2a was not folded correctly to 

generate an active protein capable of binding its ligand. I attempted to minimize this 

possibility by treating all the recombinant proteins in exactly the same manner and using 

gel filtration as an approximate measure of folding. The GST-tag was necessary in 

maintaining solubility of the recombinant eIF4Es and it allowed the use of an anti-GST 

antibody to immobilize the protein on the SPR chip for analysis.  

m7GTP m7GpppG m7GpppC m7GpppA Methodology Reference
Murine eIF4E-1 28-217 0.0092 0.1 0.3 0.2 Fluorescent Quenching Niedzwiecka 2002

Murine eIF4E-1 WT 0.1400 ND ND ND Isothermal Calorimetry Osborne 2013
5.9 6.3 7.7 Fluorescent Quenching Zuberek 2007Human eIF4E-2 (4E-HP) 1.4386

Murine eIF4E-3 1.8000 14.5 ND ND Isothermal Calorimetry Osborne 2013

Table 4.2 Comparison of eIF4E affinities using different methodologies
Murine eIF4E-1 and eIF4E-3, as well as human eIF4E-2 were used in three different 
studies to ascertain their affinities ( in μΜ) for various cap analogs. The studies listed 
used either fluorescent quenching of the tryptophans or isothermal calorimetry to study 
binding of the protein to mRNA cap analogs. ND indicates affinity not determined in that 
study.
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Based on the SL-RNA sequence and LC-MS analysis, the dinoflagellates appear 

to have a modified cap structure that may be similar to the trypanosome, m7Gpppm3 

6,6,2´Apm2´Apm2´-Cpm2
3,2´U, cap-4 (Bangs et al., 1992). Preliminary data suggest an 

m7GpppD,Cm2’Cm2’, D being A, U, or G, with the exact modifications still needing to be 

established (Williams, Jones, Jagus & Place, manuscript in preparation). There is no 

evidence for a trimethyl-guanosine on dinoflagellate mRNA, although U1 RNAs have 

been shown to have a TMG cap (Reddy et al., 1983). Due to the important role of the cap 

for translation initiation, it seems likely that the SL will be involved in mRNA 

recruitment. It has been reported that the Leishmania eIF4E homologues have an affinity 

for m7GTP two orders of magnitude lower than the mouse eIF4E-1A (Zinoviev and 

Shapira, 2012). This has been attributed to the constraints placed on Leishmania eIF4E to 

interact with the trypanosome cap-4 structure, although it could merely reflect denatured 

protein. Indeed, in Trypanosoma brucei, a minimal level of mRNA cap ribose 

methylation has been shown to be essential for viability (Zamudio et al., 2009). 

Furthermore, hypermethylation of the trypanosome cap-4 maximizes translation rates in 

T. brucei (Zamudio et al., 2009). These results suggest that the initiation factors 

recognizing dinoflagellate mRNAs may show unique features compared to those of other 

eukaryotes and similar to those of trypanosomes.   

4.3.2 Dinoflagellates display unique molecular features 

Dinoflagellates are organisms that demand an open mind for study. Enormous 

genetic content, reduced transcriptional regulation, and extreme species diversity make 

them an interesting, but intimidating, lineage to explore. Most of what we know of the 

initiation of protein synthesis comes from yeast, mouse, and human cell lines, 
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phylogenetically light-years away (or at least 700 Ma). However, the draft assembly of 

the coral reef symbiont, Symbiodinium B-1 (Shoguchi et al., 2013), as well as 

accumulating transcriptome data has allowed us to begin to build a picture of the 

dinoflagellate translational toolbox. In addition, I have focused on a translational 

component, eIF4E and its family members, that are likely to play a role in the selective 

regulation of gene expression to offset the reduced transcriptional control of 

dinoflagellates.  

4.4 Summary 

Our previous results suggested that the diverse eIF4E family in core 

dinoflagellates could provide a toolkit to enable selective translation as a strategy for 

controlling gene expression in these unusual organisms (Jones et al., 2015). The 

phylogenetic analysis allowed us to make predictions of functionality based on 

phylogenetic distribution, duplication, conservation, and structural motifs. This study 

follows up on those predictions with the intent of identifying the translation factor, as 

well as determining whether duplication had allowed functional diversification. This is of 

particular interest because dinoflagellates show little transcriptional regulation of gene 

expression and instead seem to rely completely on some form of post-transcriptional 

control. This study is the first to characterize the translation machinery of a 

dinoflagellate. Our studies have pinpointed A. carterae eIF4E-1a as the likely translation 

initiation factor. Further investigations into the divergent roles of the different family 

members will include determination of their protein binding partners as well as their 

subcellular localization. 
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4.5 Materials and Methods 

4.5.1 Complementation of a S. cerevisiae strain expressing a glucose-repressible H. 

sapiens eif4E gene  

The yeast expression vector, pRS416GPD, separately containing each of the A. 

carterae eIF4E family members (1a, 1b, 1c, 1d1, 1d2, 2a, and 3a) was transformed into 

Saccharomyces cerevisiae strain JOS003 using the Quick and Easy Transformation Mix 

(Clontech). JOS003 is a strain in which the one endogenous EIF4E gene has been 

replaced by homologous recombination with a KanMX4 cassette. This makes the strain 

resistant to G418. It also expressing the human EIF4E-1 behind a glucose-sensitive 

promoter on a plasmid conferring the ability to grow on uracil-deficient media containing 

galactose, but not glucose. This system has been used previously to investigate the ability 

of heterologous eIF4Es to function in translation by rescuing growth in the presence of 

glucose (Joshi et al., 2002; Robalino et al., 2004). The transformed yeast was spot plated 

on synthetic deficient (SD) media lacking uracil and leucine and containing 200 µg/ml 

G418, with either galactose or glucose. Growth was compared to two positive controls, 

D. rerio eIF4E-1A and S. cerevisiae eIF4E-1, and two negative controls, D. rerio eIF4E-

1B and an empty vector control. I tested the ability of each A. carterae eIF4E family  

 member, except eIF4E-3b, to complement this yeast strain. Western blot confirmed that 

the A. carterae eIF4E family members were expressed in yeast and were not toxic to 

growth when grown on galactose media (Figure 4.10A-C). I was unable to confirm 

expression of eIF4E-1d2 due to lacking a specific antibody to this eIF4E family member. 

Although both eIF4E-1a and eIF4E-1d1 were expressed in glucose-containing medium, 

eIF4E-1a appeared to be expressed at a lower level when normalized for cell equivalent 
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input (Figure 4.10B). 

 

4.5.2 In vitro transcription/translation of eIF4E and luciferase constructs 

In vitro translation (IVT) of each eIF4E was performed using the TNT Quick 

Coupled Transcription/Translation System (Promega) according to the manufacturer’s 
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Figure 4.10 Western blot of yeast complementation strains
A. Each strain of Saccharomyces cerevisiae JOS003 harboring an A. carterae eIF4E 
gene in the pRS416GPD yeast expression plasmid was screened by western blot to 
confirm expression at the protein level of each eIF4E family member. B. Re-screen of 
eIF4E-1a expression. C. Re-screen of eIF4E-1c using a different antibody. eIF4E-1d2 
was not screened due to lacking a specific antibody to that eIF4E.   
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B) C)
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protocol and based on a protocol developed to study zebrafish eIF4E (Robalino et al., 

2004). In brief, approximately 1 µg of plasmid DNA and 20 µCi of Easy-tag 35S-

methionine (Perkin Elmer) were mixed with a final volume of 50 µl of TNT to give a 

final concentration of 80 % TNT. Transcription and translation were carried out at 30 °C 

for 1.5 h. 1 µl of the IVT reaction was taken for analysis of 35S-methionine incorporation 

by mixing to a final concentration of 5 % TCA, boiling and capturing on GF/C filter 

paper. The filter paper was used to analyze CPM incorporation in a scintillation counter. 

4.5.3 m7GTP- and trimethyl-guanosine triphosphate-Sepharose binding assay 

7-methyl-guanosine-triphosphate (Jena) and trimethyl-guanosine triphosphate 

bound to Sepharose beads (kindly provided by Edward Darzynkiewicz) were blocked 

using 1 mg/ml soybean trypsin inhibitor (Sigma, T9128) in binding buffer (25 mM 

HEPES/KOH pH 7.2, 10 % glycerol, 150 mM KCl, 1 mM dithiothreitol, 1 mM D-L 

methionine) for 1 h at 4 °C shaking at 1400 rpm in a benchtop thermomixer 

22331(Eppendorf). The beads were washed twice with binding buffer without soybean 

trypsin inhibitor and suspended in 50 % v/v binding buffer. 20 µl of each IVT reaction 

was diluted 10-fold with binding buffer containing 200 µM GTP and 200 µM MgCl2 and 

mixed with the bead suspension and incubated at 4 °C for 1 h with shaking at 1400 rpm. 

The supernatant containing the unbound fraction was recovered by centrifugation at 500 

x g at 4 °C. An equivalent of 1 µl of the original IVT was used for TCA precipitation and 

filtered onto a GF/C membrane (Millipore). The cap-analogue beads were washed 5 

times with binding buffer and the final bead fraction suspended in SDS-PAGE sample 

buffer. The bead suspensions were heated to 90 °C and a fraction equivalent to 1 µl of the 

original IVT reaction was applied to GF/C filter paper. Fractions were counted in 
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Ecoscint Original scintillation cocktail (National Diagnostics, Georgia, USA) and 35S was 

determined using a LS6500 Multipurpose Scintillation Counter (Beckman Coulter). IVT, 

unbound, and bead bound fractions were diluted in SDS-PAGE sample buffer and heated 

to 90 °C for 3 min. The samples were separated by 17.5 % high-Tris SDS-PAGE using 

PAGEruler pre-stained molecular weight ladder (Fermentas) as a guide and transferred to 

Immun-blot PVDF (BioRad) using a Criterion blotter (BioRad) for 30 min at 100 V in 20 

% methanol Towbin buffer (BioRad). Labeled proteins were visualized on the PVDF 

membrane using a Storage Phosphor screen (Molecular Dynamics) and imaged with a 

Typhoon 9410 Variable Mode Imager (GE Healthcare). Due to background binding and 

loss of protein in the washes, both fractions do not always add up to 100 %. However, 

this assay serves well as a qualitative approximation of protein cap binding capacity. 

4.5.4 Recovery of eIF4E from A. carterae cell extracts by m7GTP-Sepharose binding 

Approximately 1x106 cells from a mid-day growing culture of A. carterae were 

harvested by centrifugation at 1,000 x g for 10 min. The cell pellet was flash-frozen with 

an ethanol/dry ice bath. The pellet was suspended in 2 ml of lysis/binding buffer (25 mM 

HEPES/KOH, pH 7.6, 10 % glycerol, 150 mM KCl, 1 mM dithiothreitol, 0.1 % Elugent 

(Calbiochem)), loaded into SHREDDER tubes (Pressure Biosciences Inc; Easton, MA) 

and disrupted using a Barocycler NEP2320 at 35,000 PSI for 1 min for 30 cycles. The 

lysate was clarified by centrifugation at 10,000 x g for 10 min at 4 °C and the insoluble 

fraction suspended in 1x SDS-PAGE sample buffer. The supernatant was removed and 

incubated with m7GTP-Sepharose beads (Jena Biosciences) with shaking at 1,200 RPM 

and 4 °C for 1 h using a temperature-controlled Thermomixer 22331 (Eppendorf). The 

beads were pelleted at 500 x g for 1 min and the supernatant removed to become the 
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unbound fraction. The beads were washed 5 times with binding buffer and bound protein 

eluted using 1x SDS-PAGE sample buffer and boiled to prepare for electrophoresis. The 

unbound and first wash fractions were TCA precipitated and suspended in 1x SDS-PAGE 

sample buffer to an equivalent volume to match the bound fraction.  

4.5.5 Bacterial expression of recombinant eIF4E 

Each pGEX-4T(MCS) construct containing an eIF4E gene was transformed into 

JM109 competent E. coli (Promega) and grown on LB + 100 µg/ml carbenicillin (Sigma). 

Purified plasmid constructs were used to transform the bacterial expression strain 

Rosetta™(DE3)pLysS (EMD Millipore). To express protein, transformed cells were 

grown in 500 ml of autoinduction media (Studier, 2014), supplemented with 34 µg/ml 

chloramphenicol and 100 µg/ml carbenicillin, at 25 °C over three days with shaking at 

300 RPM. On the third day, cultures were pelleted at 20,000 x g and washed with 

phosphate buffered potassium, pH 7.5, before being frozen at -80 °C. Frozen pellets were 

suspended in lysis buffer (20 mM phosphate pH 7.5, 150 mM KCl, 1X Protease Inhibitor 

Cocktail (Pierce). After thorough suspension, the bacteria were lysed using a chilled 

French Press, pressurized to 20,000 PSI. The resulting lysate was clarified by 

ultracentrifugation at 25,000 x g. 

4.5.6 Purification of dimeric and “active” GST-tagged eIF4E from bacterial lysates 

Clarified lysate was passed over a 1ml GSTrap Fast Flow Column (GE 

Healthcare) equilibrated with binding/wash buffer (20 mM Phosphate pH 7.5, 150 mM 

KCl) , using an Akta Start chromatography system (GE Healthcare) at 1ml/min at 4 °C. 

The column was washed with 20 column volumes of binding/wash buffer (20 mM 

phosphate buffer, pH 7.5, 150 mM KCl), and eluted in 15-1 ml fractions with elution 
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buffer (20 mM phosphate buffer, pH 7.5, 150 mM KCl, 10 mM reduced glutathione) 

(Figure 4.11).  

It was found during the course of experimentation that it was difficult to obtain 

high-quality data downstream in binding affinity measurement using the protein purified 

solely by a GST column. I found that not only do GST-tagged eIF4E proteins form 

dimers (a known phenomenon), but they also seem to form larger multimers that stayed 

soluble in solution, but were not amenable to use in affinity measurements. This has been 

observed by other groups where dimeric (or multimeric) forms of eIF4E can create 

soluble aggregates in solution (Slepenkov et al., 2008). This issue was solved by treating 

GST-tagged protein with 50 mM dithiothreitol for 1 h at 4 °C, with shaking in a benchtop 
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Figure 4.11 Purification of GST and A. carterae GST-tagged eIF4E-1a by affinity 
and size exclusion chromatography 
After French press lysis, E. coli crude lysate was clarified and GST-tagged protein puri-
fied by affinity chromatography with a GSTrap column. Eluted protein was treated with 
50 mM DTT and further purified using a Sephadex-S300HR gel filtration column and 
equilibrated with phosphate buffered KCl, pH 7.5. Protein purity was analyzed by 
SDS-PAGE and visualization by Imperial protein stain and western blot.

GST AloneeIF4E-1a

1/2 fold diltions of eIF4E-1a(+GST)
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thermomixer (Eppendorf) at 1,400 RPM. The resulting solution was centrifuged to 

remove protein that had fallen out of solution, which was about half the protein in the 

original mixture (Figure 4.6). The final solution was purified to greater than 95 % purity 

over a Sephadex S-300HR gel filtration column (GE Healthcare), calibrated with the 

High Molecular Weight Gel Filtration Calibration kit (GE Healthcare) (Figure 4.12) and 

buffer exchanged at the same time into binding buffer (20 mM phosphate buffer, pH 7.5, 

150 mM KCl) that was supplemented with 0.05 % Tween-20 (Sigma) for use in SPR 

analysis (Figure 4.11 and Figure 4.13). The proteins were concentrated using a 10K 

Macrosep Advance Centrifugal Device (Pall Corporation) for 20 min at 5,000 x g at 4 °C 
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Figure 4.12 Calibration curve for the Sephacryl S-300HR gel filtration column 
A 1 ml solution containing 0.3 mg/ml ferritin, 4 mg/ml aldolase, and 3 mg/ml of 
conalbumin and ribonuclease A (RNAse A) was injected into the Sephacryl S-300HR gel 
filtration column. Elution volumes (Ve) were determined at maximum peak height of each 
respective protein. The integrated elution volume (Ve) of each peak, calculated by the 
UNICORN software, was used to generate a standard curve for molecular weight 
calculations.
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and then a 10K Microsep Advance Centrifugal Device (Pall Corporation) for 15 min at 

7,500 x g at 4 °C.  

4.5.7 Surface plasmon resonance (SPR) 

All surface plasmon resonance experiments were performed using a Biacore T-

200 (GE Healthcare). A CM5 S-series Sensor chip was used to immobilize goat-

polyclonal-anti-GST antibody according to manufacturer instructions (Figure 4.13). 

Approximately 200 µg/ml solutions of purified and DTT treated GST-tagged A. carterae 

eIF4E-1a, eIF4E-1d1, and eIF4E-2a, as well as mouse eIF4E-1, were injected at 5 µl/min 

over lanes 2 and 4 of the chip and loaded to approximately 2,500 Response Units (RU) in  

each lane (Figure 4.13). Each of the 5´ cap structure analogues (m7GpppG, m7GTP, 

m7GpppC, GpppG, and GTP) were diluted into binding buffer into a two-fold dilution 

series starting at 250 µM, except for m7GTP, which had to be further diluted to a starting 

dilution of 62.5 µM in order avoid a saturating response. Measurements of binding took 

place after two start-up cycles, with a 60 sec injection at 50 µl/min of the analyte, and 

dissociation allowed to occur over 60 sec.  

The kinetic rates were determined by fitting the experimental data to a 1:1 

interaction model between the surface bound eIF4E (B) and the cap analog analyte (A) in 

the injection solution,	𝐴 + 𝐵 ↔ 𝐴𝐵. The fitting procedure used to determine the rate 

constants from experimental data uses numerical integration methods with an iterative 

approximation algorithm to find the best solution to the equations presented. The 

concentration of the complex formed is measured in RU by SPR response and inserted 

into the equation, &'
&(
= 𝑘+𝐶𝑅.+/ − 𝑘+𝐶 + 𝑘& 𝑅. This allows for the association and 

dissociation equilibrium affinities to be derived. The closeness of fit is judged by the chi- 
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square value derived by the following equation, 𝑐ℎ𝑖	𝑠𝑞𝑢𝑎𝑟𝑒 = (;<=;>)@..
B

C=D
, where rf is the 

fitted value at a given point, rx is the experimental value at the same point, n is the 

number of data points, and p is the number of fitted parameters. The fitting algorithm is 

used to minimize the chi-square value, and is judged to be complete when the difference 
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Figure 4.13 Flow diagram of the construction of a GST-tagged eIF4E or GST 
surface plasmon resonance chip
1. A Biacore CM5 SPR Chip was activated with EDC/NHS; 2. anti-GST antibody was 
immobilized;  3. the resulting free esters were blocked with ethanolamine; GST-tagged 
eIF4E, or GST alone, was loaded by antibody affinity capture.  
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in chi-square values between successive iterations is sufficiently small. 𝑅EF =
GHI'JK>
GHILM

 

was used to calculate the equilibrium association constant from the steady-state complex 

formation. The value of KA is obtained by fitting a plot of Req against the concentration of 

the analyte (C) to this equation. The KD is calculated as the inverse of the KA, 𝐾O =
M
GH

.  

4.5.8 Dinoflagellate cell culture and harvest for RNA isolation 

Amphidinium carterae Hulburt stain CCMP 1314 was isolated in 1954 by Robert 

Guillard from the Falmouth Great Pond, Falmouth, Massachusetts USA (41.56° N 

70.583° W) (Hulburt, 1957). The strain was obtained from Bigelow National Culture of 

Marine Algae and Microbiota as an axenic culture 

(https://ncma.bigelow.org/ccmp1314#.Vu8OHBIrIo8). It was grown in ESAW-32 

medium (Berges et al., 2001) modified to contain 10 mM HEPES, pH 8.0 and 32 ppt 

saline content, in a 20 L multiport polycarbonate carboy. Karlodinium veneficum NCMA 

strain number 2936 (https://ncma.bigelow.org/ccmp2936#.Vu8ORxIrIo8) was cultured in 

the same medium that was diluted with fresh sterile water to 15 ppt. The cultures were 

maintained under a light intensity of 150 µm cm-2 s-1 with a 14:10 light:dark schedule and 

bubbling of air infused with CO2 controlled by an American Marine (Ridgefield Ct) pH 

controller set to turn on above pH 8.2 and off at pH 7.6. Two liters of medium were 

added to an actively growing culture on Monday, Wednesday, and Friday until reaching a 

cell density of 172,000 cells/ml on the morning of the experiment. 250 ml of culture was 

aliquoted into 26-75 cm2 polystyrene culture flasks from Corning (Corning NY) and 

placed along the light bank to achieve equivalent light exposure to the stock culture using 

two rows of thirteen, with duplicates in opposing directions. Each duplicate pair was 

taken for harvest according to the following schedule relative to the transition from light 
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to dark in hours: -6.0 and +6.0. The samples were each split into 50 ml and 200 ml 

aliquots. Each aliquot was centrifuged at 1000 x g for 10 minutes at 20 °C. The 200 ml 

aliquot was frozen at -80 °C and the 50 ml aliquot was suspended in 1 ml of TRI reagent 

(Sigma-Aldrich Saint Louis, MO) for RNA isolation.  

4.5.9 Cell counting method 

Cell abundance and equivalent spherical diameter (ESD) were measured on a 

Coulter® Counter (Beckman Coulter, Fullerton, CA USA) using the ‘narrow’ size range 

(4 – 30 µm). Equivalent spherical volume (ESV) was calculated as (4/3)(πr3), where r is 

the radius derived from ESD. A 100 µl sample was counted. Samples that yielded a 

‘coincidence correction’ value above 20 % were diluted 1:10 with sterile seawater at a 

salinity of 32 ppt. 
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Chapter 5 

Functional analysis of a sample of the eIF4E family members from the 

dinoflagellate Karlodinium veneficum4 

5.1 Abstract 

Dinoflagellates are unusual eukaryotes with large genomes and a reduced role for 

transcriptional regulation compared to other eukaryotes. The mRNA in dinoflagellates is 

trans-spliced with a 5ʹ-spliced-leader sequence, yielding a 22-nucleotide 5ʹ-sequence 

with a methylated nucleotide cap. Since the control of gene expression is primarily post-

transcriptional, this study focuses on mRNA recruitment as a means for regulating gene 

expression and on the diversity of eIF4E family members. Three novel clades related to 

the cap binding initiation factor eIF4E have been recognized in alveolates that are distinct 

from the three metazoan classes of eIF4E. I have analyzed the characteristics of five of 

the fourteen eIF4E family members from Karlodinium veneficum, four from clade 1 and 

one from clade 2. Members of each clade all bear the distinctive features of a cap-binding 

protein. I examined their ability to interact with the cap analogue, m7GTP using an in 

vitro bead-binding assay. I show that recombinant eIF4E-1 family members are able to 

bind the cap analogue m7GTP, but eIF4E-2b binds poorly. Overall, eIF4E-1 family 

members may be serving as general cap-binding translation initiation factors, while 

eIF4E-2 (and perhaps eIF4E-3) family members may serve a regulatory role in gene 

expression. 

                                                
4 Adapted from Jones, G.D., Williams, E.P., Bachvaroff, T.R., Place, A.R. and Jagus, R. 
(2015). Translating the message: Karlodinium veneficum possesses an expanded toolkit 
of protein translation initiation factors. Proc. 16th Int Conf Harmful Algae, Int Soc for 
the Study of Harmful Algae (ISSHA) A. Lincoln MacKenzie [Ed], 237-40.   
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5.2 Introduction  

Karlodinium veneficum is a small (<20 µm), non-thecate, mixotrophic 

dinoflagellate that causes toxic blooms worldwide. As a dinoflagellate, its genome is 

moderately large, about 5 times the size of the human genome (LaJeunesse et al., 2005). 

In addition, as is true of dinoflagellates as a whole, genes are transcribed and capped by 

trans-splicing yielding a unique spliced leader sequence (Lidie and van Dolah, 2007; 

Zhang et al., 2007) that contains a unique and complex cap structure. The size of 

dinoflagellate genomes is in part due to an extraordinary degree of gene duplication that 

is exemplified by a large diversity of cap-binding translation initiation factor eIF4E-

related proteins (Jones et al., 2015).  

In model eukaryotic organisms, e.g. mice, yeast, and fruit flies, gene regulation is 

a process regulated by transcriptional, translational, and post-translational mechanisms. 

However, dinoflagellates exhibit little transcriptional regulation of gene expression (Lidie 

et al., 2005; Van Dolah et al., 2007; Morey et al., 2011; Brunelle and Van Dolah, 2011; 

Morey and Van Dolah, 2013; Roy and Morse, 2013; Roy et al., 2014), but do show 

changes in the proteome (Lee et al., 2009; Liu et al., 2012). Dinoflagellates appear to 

have evolved independently a complex system for regulating gene expression post-

transcriptionally that may require a large toolkit of translation factors.  

The limited selective transcriptional control of gene expression exhibited by 

dinoflagellates and the presence of mRNA that is not always utilized raises the question 

of how individual mRNAs are selected to be translated. The diversity of the eIF4E family 

may provide a selection mechanism for differential recruitment of specific mRNAs to the 

translational machinery (Hernández and Vazquez-Pianzola, 2005; Joshi et al., 2005; 



 125 

Tettweiler et al., 2012). Each eIF4E may interact with mRNA to sequester it from, or 

specifically recruit it for, translation. Here I report a functional analysis of a selection of 

K. veneficum eIF4E family members in order to determine their roles as authentic 

translation initiation factors, cap-binding proteins or regulatory factors. This follows up 

on the preliminary analysis made by Lidie et al. 2010 (Lidie et al., 2010). In addition, I 

attempted to characterize the only eIF4E-interacting protein identified to date, 

neuroguidin, from the transcriptomes of K. veneficum and fifteen other dinoflagellate 

species.  

5.3 Results and Discussion 

5.3.1 There are fourteen eIF4E family members present in the transcriptome of 

Karlodinium veneficum  

A previous phylogenetic study of the dinoflagellate eIF4E family using 

transcriptome data revealed three clades of eIF4E with varying degrees of conservation 

among the family members. Based on amino acid alignments, some are predicted to serve 

as functional cap binding initiation factors while others are anticipated to play more 

regulatory roles in protein expression (Jones et al., 2015). The three major clades of 

dinoflagellate eIF4E family members, with bootstrap support >70 %, further segregate 

into 9 subclades (Figure 5.1) which are denoted by letters as a prefix, with multiple 

members of each subclade given a final Arabic numeral suffix. Of all the family members 

in K. veneficum, eIF4E-1a is the most duplicated subclade with three distinct, yet 

conserved (>83 % identity), members (-1a1, -1a2, and -1a3) (Figure 5.2). This is in 

contrast to A. carterae, which possesses a more limited set of eIF4E family members and 

specifically only one eIF4E-1a (Chapter 3). From these 14, I selected five K. veneficum 
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Figure 5.1 Schematic phylogeny of the fourteen Karlodinium veneficum eIF4E 
family members based on an amino acid alignment using maximum likelihood  
Iterative BLAST analysis was used to identify the eIF4E family members in alveolates. 

eIF4E family members from K. veneficum were extracted and used to construct a 

schematic phylogeny based on the more comprehensive analysis from Jones et al. 2015.  

The eIF4E members that were used in this study are highlighted with bold lettering. 
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Figure 5.2 eIF4E gene family expansion from A. carterae to K. veneficum
The number of eIF4E family members from K. veneficum and A. carterae are compared.  
The subclades are displayed as identical colors between the two species. 
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eIF4E family members, eIF4E-1a1, -1a2, -1d1, -1d2, and eIF4E-2b for further study. The 

selection was based in part on having Sanger sequencing support for each (Place and 

Bachvaroff, unpublished data), for comparison of clade 1 eIF4E with differences at the 

eIF4G/eIF4E interacting protein (4E-IP) binding motif and for comparison of functional 

differences of clade 1 versus clade 2 eIF4E family members.  

 Each eIF4E was expressed at relatively similar transcript levels according to their 

FPKM, which ranges from 2.6 to 11.1 (Table 5.1). The amino acid length for each eIF4E 

ranged from 212 to 901 residues, with molecular weights ranging from 23.7 (eIF4E-1c) 

to 99.4 (eIF4E-3b) kDa. The major differences expected to impact functionality are 

displayed by the eIF4G/interacting protein (IP) binding site and the change from a 

positive to an uncharged residue at the position equivalent to Lys-162 of murine eIF4E-

1A. The other positively charged residue known to interact with the cap structure, Arg- 

157, is maintained as a positively charged arginine or lysine residue in all of the K. 

veneficum eIF4E family members (Table 5.1). Molecular modeling using the PHYRE2 

software showed high confidence structural alignment to the murine eIF4E-1A as was 

shown with the A. carterae eIF4E family members (data not shown).  
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5.3.2 Recombinant eIF4E-1 family members from K. veneficum interact with the m7GTP 

cap analogue, but eIF4E-2B does not 

To test the ability of the eIF4Es from K. veneficum to function as cap-binding 

proteins, I assayed their ability to bind to m7GTP-Sepharose beads (Figure 5.3). 

Recombinant eIF4E proteins were in vitro synthesized from codon-optimized pCITE4a 

constructs and radiolabeled using 35S-methionine essentially as described previously 

(Robalino et al., 2004). The translated products were incubated with m7GTP-Sepharose 

bead slurry. The unbound, and bound fractions were analyzed by measuring TCA-

precipitable 35S (Figure 5.3, panel A), as well as after fractionation by SDS-PAGE and 

autoradiography (Figure 5.3 panel B). A low concentration of GTP (0.1 mM) was 

eIF4E Family
Members 

Amino Acid
Length 

Molecular 
Weight (kD)

Calculated
pI FPKM

eIF4G/IP 
Binding Site ARG157 LYS162

eIF4E-1a1 226 25.9 5.91 4.1 TVQEFW R R
eIF4E-1a2 226 25.9 5.79 7.2 TVQEFW R R
eIF4E-1a3 226 26.0 5.96 9.4 TVQEFW R R
eIF4E-1b1 219 24.5 5.74 9.7 SAQEFW R R
eIF4E-1b2 235 26.1 5.97 3.8 TVQEFW K R
eIF4E-1c 212 23.7 4.89             8.3 TVEAFW R R
eIF4E-1d1 233 26.6 5.93 11.1 TVKEFW K R
eIF4E-1d2 237 26.2 6.87 2.6 TVKGFW K R
eIF4E-2a 297 33.9 4.97 4.9 TVEGFY K V
eIF4E-2b 205 23.8 5.73 3.1 T I E Q F F R V
eIF4E-3a1 332 36.9 5.68 3.1 TVEDYW R K
eIF4E-3a2 246 27.2 5.39 6.8 TVEDFW R K
eIF4E-3b 901 99.4 5.49 3.1 SVEELW K K
eIF4E-3c 258 28.8 6.18 5.6 T I E D LW R K

Table 5.1 The fourteen eIF4E family members present in the transcriptome of 
K. veneficum and their biochemical features
There are eight eIF4E-1 family members, two eIF4E-2 members, and four eIF4E-3 
members. The five members used for this study are highlighted in bold lettering. Summa-
rized above are the amino acid lengths, calculated molecular weight, isoelectric point 
(pI), and the transcript abundance by a normalized FPKM. The eIF4G/interacting protein 
site has been extracted and highlighted to show negatively charged residues in red and 
positively charged residues in blue. In addition, two residues shown to be important for 
cap interaction are shown, Arg-157, and Lys-162 using murine eIF4E numbering. 
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included in all the buffers, to minimize non-specific binding. A pre-blocking step with 1 

mg/ml soybean trypsin inhibitor was also included to minimize non-specific binding. 

Luciferase was included as a negative control. eIF4E-1a1, -1a2, as well as eIF4E-1d and -

1d2, bound m7GTP-Sepharose. eIF4E-2b and the negative control (luciferase) were found 

mainly in the unbound and wash fractions (Figure 5.3). The results from SDS-PAGE and 

subsequent autoradiography confirmed that each eIF4E was being expressed at the 

 

expected molecular weight and corresponded to the results from measuring TCA- 

precipitable radioactivity. These results also match previous preliminary studies that 

examined the binding abilities of K. veneficum eIF4E-1a and eIF4E-2b (Lidie et al., 

2010). While these results are not a quantitative measurement of a cap-binding ability, 
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Figure 5.3 Each eIF4E-1 family member binds to the m7GTP cap by affinity 
chromatography, while the eIF4E-2 family member does not
Using constructs in the expression vector pCITE4a, each K. veneficum eIF4E family 
member, along with luciferase, was synthesized in vitro in coupled 
transcription-translation reactions (50 μl) as described in Materials and Methods. 
Following synthesis, the reaction mixes were applied to m7GTP-Sepharose beads (50 μl) 
as described in Materials and Methods. The ability to interact with m7GTP was assessed 
by measuring the TCA-precipitable 35S in the unbound and bound fractions after loading, 
equilibrating, and washing the m7GTP-Sepharose columns. Equivalents to the input, 
taking into account dilution, were measured and separated by SDS-PAGE for each 
fraction. Separated protein was visualized by auto-radiography and imaging by a 
Typhoon scanner. The binding of K. veneficum eIF4E family members was compared to 
that of a negative control, luciferase.
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they provide a qualitative assessment of the ability of these selected K. veneficum eIF4E 

family members to interact with the m7GTP cap structure.  

5.3.3 Only K. veneficum eIF4E-1a can be isolated from cell lysates by binding to m7GTP-

Sepharose beads 

 To examine which endogenous eIF4E(s) from K. veneficum have the ability to act 

as a cap binding translation initiation factor, I tested the ability of native proteins derived 

from a cell lysate to bind the m7GTP-Sepharose beads. After incubation with m7GTP-

Sepharose and analysis of each fraction by western blot, eIF4E-1a1 is the dominant cap 

binding protein (Figure 5.4). As with the analysis of native A. carterae eIF4E family 

members, eIF4E-1d1 was resistant to solubilization and is found mainly in the 
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Figure 5.4 eIF4E-1a1 is the only K. veneficum eIF4E family member that can be 
recovered from K. veneficum cell lysate by m7GTP-Sepharose chromatography
Extracts were prepared from a mid-day actively growing K. veneficum culture as 
described in Materials & Methods. The ability of the native eIF4E family members to 
bind m7GTP-Sepharose beads was assessed by comparing the relative amounts found in 
the bead-bound fraction compared with those found in the post lysis-cell pellet and 
unbound fractions. The level of each eIF4E family member in each fraction was 
determined after SDS-PAGE fractionation followed by western blot analysis using 
antibody generated against each eIF4E family member. eIF4Es were visualized by 
enhanced chemiluminescence which was detected and the image generated using the 
Protein Simple Fluorochem E imager.

α-eIF4E-1d1 

α-eIF4E-2b 
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 “insoluble” fraction that is removed by centrifugation before incubation with the cap-

Sepharose beads (Figure 5.4). A faint band is visible in the bound fraction for eIF4E-2b 

at the anticipated molecular weight. The titer of the antibody to eIF4E-2b is consistent 

with the other antibodies generated for K. veneficum eIF4Es (Figure 5.7), suggesting that 

the level of eIF4E-2b is too low for an unambiguous determination to be made (Figure 

5.4).  

Antibodies for K. veneficum eIF4E family members were developed before a full 

knowledge of the number of eIF4E family members in the dinoflagellate lineage and their 

phylogenetic relationships had been determined. Due to this paucity in our knowledge 

base at the time, an antibody for K. veneficum eIF4E-2a was not developed. This would 

have provided a better comparison with the eIF4E-2a from A. carterae. However, they 

are both eIF4E-2 family members and bear the same lysine to valine substitution at the 

position equivalent to Lys-162 of mouse eF4E-1A, suggestive of compromised cap-

binding activities. 

5.3.4 A putative eIF4E-interacting protein (eIF4E-IP), neuroguidin, identified from the 

transcriptome does not appear to bind eIF4E in an in vitro pull-down assay 

 One of the most prominent mechanisms regulating eIF4E activity is through its 

interaction with numerous proteins termed eIF4E-interacting proteins (4E-IPs) [reviewed 

in (Richter and Sonenberg, 2005)]. By competing with eIF4G for eIF4E binding, 4E-IPs 

act in general as translational repressors. A search for eIF4E interacting proteins (4E-IPs) 

in the available dinoflagellate transcriptomes has not identified the eIF4E binding protein, 

4E-BP, or other unrelated 4E-IPs such as maskin or the eIF4E-transporter protein, 4E-T. 

However, dinoflagellates do encode neuroguidin (Ngd).  
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 Ngd was first detected in the mouse central nervous system in association with 

cytoplasmic polyadenylation element binding protein, CPEB, and is able to promote 

neural development by regulating the translation of CPE-containing mRNAs (Jung et al., 

2006). In addition to binding to mouse eIF4E-1A, Ngd also interacts with CPEB and 

inhibits mRNA translation in a cytoplasmic polyadenylation element (CPE)-dependent 

manner in Xenopus oocytes. Ngd contains three eIF4E binding motifs (4E-BMs). 

Removal of all three 4E-BMs destroys the ability of Ngd to interact with eIF4E-1A. 

Removal of 4E-BM1 has little effect on the interaction with eIF4E. However, removal of 

4E-BM2 alone significantly reduces eIF4E binding as measured by the capacity to be 

retained on eIF4E bound to m7GTP-Sepaharose beads (Jung et al., 2006). Removal of 

4E-BM2 and -BM3 reduces eIF4E binding to less than 50 %. Ngd is currently the only 

identified 4E-IP that is represented in all eukaryotic lineages (Hernández et al., 2016). 

However, whether Ngd orthologs from different lineages bind eIF4E is not known.  

 Neuroguidin sequences have been identified from nineteen assembled 

dinoflagellate transcriptomes with one putative Ngd per species. Each Ngd sequence 

contains a Sas10 (Pfam: PF09368) domain (data not shown), a characteristic unique to 

neuroguidin amongst the eIF4E-IPs (Mitchell, 2010). These nineteen sequences were 

aligned with the neuroguidin sequences available from Genbank for the closely related 

apicomplexans, ciliates, heterokonts, and the outgroup, Mus musculus (Figure 5.5A). The 

dinoflagellate Ngds displayed high similarity to other dinoflagellate sequences (43-83 % 

similarity) and to murine neuroguidin (33.6-44.4 % similarity). Two of the three 4E-BMs 
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Figure 5.5 Nineteen dinoflagellate neuroguidin sequences display conservation of 
two of the three domains shown in tetrapods to interact with eIF4E
A. Nineteen dinoflagellate neuroguidin sequences were identified and their phylogenetic 
relationship to alveolates and other outgroup species displayed. B. Two predicted eIF4E 
binding domains were identified, aligned, and conservation shown by the two logo 
diagrams. Positions are numbered according to the murine neuroguidin sequence. 
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were easily recognized in dinoflagellate Ngds. However, 4E-BM1 of metazoan Ngds is 

missing or with poor support by alignment. The sequences of the 4E-BM2 and -BM3 of 

the dinoflagellate Ngds were aligned and used to create a logo diagram to demonstrate 

conservation of the Y/TxxxxLφ binding motif that is characteristic of 4E-BD (Figure 

5.5B).  

The ability of the putative neuroguidin from K. veneficum to bind representative 

eIF4E family members from Clade 1a (1a1), 1d (1d1), and Clade 2 (2b) was determined 

through an in vitro pull-down assay. Neuroguidin and each eIF4E, as well as a putative 

eIF2α from K. veneficum and luciferase, were expressed independently as 35S-methionine 

labeled proteins in a coupled transcription/translation system from rabbit reticulocyte. 

Each selected eIF4E and K. veneficum eIF2α were S-tagged by the pCITE(4a)+ vector 

from which they were expressed. Neuroguidin and luciferase were expressed from the 

same vector, but were untagged due to the cloning sites used. 35S-Met radiolabeled 

neuroguidin and each radiolabeled S-tagged eIF4E family member were mixed and 

incubated with S-protein-agarose. Following extensive washing, proteins bound to the 

matrix were eluted with SDS-PAGE sample buffer. Radiolabeled eluted proteins were 

fractionated by SDS-PAGE and analyzed by autoradiography. However, K. veneficum 

Ngd failed to interact with eIF4E-1a1, eIF4E-1d1, or eIF4E-2b (Figure 5.6). Some 

background binding appears with all the proteins tested, except luciferase. However, 

when the pixel densities of the neuroguidin bands were quantified (data not shown) 

between the eIF4E family members and the negative control eIF2α, this appears in the 

same ratio and is likely indicates non-specific interactions (Figure 5.6).  
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5.4 Conclusions 

There is a key difference, highlighted in Table 5.1, between the eIF4E-1 and 

eIF4E-3 family members versus the two eIF4E-2 members in a residue, Lys-162, shown 

to be important for neutralizing the phosphate bridge of the cap structure. In the two 

eIF4E-2 family members an uncharged valine residue has replaced this lysine (Table 5.1). 

By m7GTP pull-down of in vitro radiolabeled recombinant eIF4E, I was able to 

preferentially recover the eIF4E-1 family members compared to eIF4E-2b. The lower 

ability of K. veneficum eIF4E-2b to bind m7GTP-Sepharose is consistent with Lys162Val 

substitution and reflects the reduced ability of A. carterae eIF4E-2a to bind m7GTP-

Sepharose (Chapter 4). Using antibodies designed against two eIF4E-1 family members, 
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Figure 5.6 In vitro expressed K. veneficum eIF4E and a putative eIF4E-IP, 
neuroguidin, do not bind to each other in a pulldown assay
S•tagged eIF4E family members and a putative neuroguidin eIF4E-IP were expressed 
and radiolabeled with 35S-methionine in rabbit reticulolysate and co-incubated with 
S-protein Agarose. After removing the unbound fraction and washing the beads, the 
bound fraction was eluted and each fraction analyzed by SDS-PAGE and 
autoradiography. Untagged luciferase and an S•tagged putative K. veneficum eIF2α 
were used as negative controls. Neuroguidin (~49 kD) is marked with a red arrow. 
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eIF4E-1a1 and eIF4E-1d1, and one eIF4E-2, eIF4E-2b, I analyzed the ability of native 

proteins derived from a cell lysate to bind m7GTP-Sepharose. Interestingly, eIF4E-1a1 

was the only one that could be definitively pulled down from a lysate (Figure 5.4). This 

matches well with the results obtained from our work on the A. carterae eIF4E family 

members (Figure 4.5). In addition, eIF4E-1d1 fails to be solubilized with cell lysis, 

similar to what was seen with A. carterae eIF4E-1d1 (Figure 4.5).  

Nineteen neuroguidin-like sequences were identified from nineteen assembled 

dinoflagellate transcriptomes (Figure 5.6). Each contained a Sas10 Pfam domain and two 

of the three 4E-BMs characterized in the mouse neuroguidin protein (Mitchell, 2010; 

Jung et al., 2006). The ability to bind to three of the K. veneficum eIF4E family members 

was tested by an in vitro pull-down assay using S-tagged eIF4E. By this measure, the 

putative K. veneficum neuroguidin does not seem to interact with any of the eIF4E family 

members tested. Unfortunately, it is possible that the S-tag may be interfering with the 

interactions between the two proteins and there is not an appropriate positive control 

available to confirm the availability of the eIF4E binding site. In addition, not all eIF4E 

family members were tested in this experiment, which does not preclude the putative 

neuroguidin from interacting with the one or more of the other eleven eIF4E family 

members in K. veneficum.  

Our preliminary hypothesis is that the eIF4E-1 family members may function as 

the cap-binding initiation factors, while the eIF4E-2 (and perhaps eIF4E-3) members do 

not and may serve regulatory roles in gene expression for the dinoflagellates. From our 

previous phylogenetic analysis, I made these predictions based on amino acid alignments 

and what I know about eIF4E structure (Jones et al., 2015). Interestingly, despite the 
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large sequence divergence and evolutionary distance from any other studied eIF4E, I was 

still able to find both a set of cap binding proteins and eIF4E-like proteins that may serve 

regulatory roles in gene expression. It is possible that these regulatory roles consist of 

mRNA sequestration or differential recruitment of other translation initiation factors, for 

example eIF4G, in response to a particular stimulus. This regulatory method would allow 

for the continuous presence of mRNA without the necessity for protein expression. 
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5.5 Materials and Methods 

5.5.1 Synthesis and cloning of eIF4E and neuroguidin constructs into an in vitro 

expression vector 

Nucleotide sequences for K. veneficum eIF4E family members, eIF4E-1a1, -1a2, -

1d1, -1d2, and a single eIF4E-2 family member, eIF4E-2b, were codon optimized for 

rabbit, Oryctolagus cuniculus, using Advanced Optimum Gene™ (Genscript). The 

nucleotide sequence was synthesized by Genscript and cloned into the in vitro 

transcription/translation plasmid vector pCITE-4a (+) (Novagen), using the NcoI and 

BamHI sites, which adds an S-tag to the amino-terminus and includes a stop codon at the 

carboxy terminus. The codon-optimized nucleotide sequence for K. veneficum 

neuroguidin cloned into pCITE-4a (+) (Novagen), using the NdeI and BamHI sites which 

produces a tagless protein. 

5.5.2 In vitro transcription/translation of eIF4E, neuroguidin, eIF2α, and luciferase 

In vitro translation (IVT) of each eIF4E, neuroguidin, eIF2α, and luciferase was 

performed using the TNT Quick Coupled Transcription/Translation System (Promega) 

according to the manufacturer’s protocol. In brief, approximately 1 µg of plasmid DNA 

and 20 µCi of Easy-tag 35S-methionine (Perkin Elmer) were mixed with a final volume of 

50 µl of TNT to give a final concentration of 80 % TNT. Transcription and translation 

were carried out at 30 °C for 1.5 h. 1 µl of the IVT reaction was taken for analysis of 

35S-methionine incorporation by mixing to a final concentration of 5 % TCA, boiling 

and capturing on GF/C filter paper. Fractions were counted in Ecoscint Original 

scintillation cocktail (National Diagnostics) and cpm was determined using a LS6500 

Multipurpose Scintillation Counter (Beckman Coulter).  
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5.5.3 m7GTP- binding assay 

Non-specific binding sites on m7GTP-Sepharose beads (Jena) were blocked using 

1 mg/ml soybean trypsin inhibitor (Sigma, T9128) in binding buffer (25 mM 

HEPES/KOH pH 7.2, 10 % glycerol, 150 mM KCl, 1 mM dithiothreitol, 1 mM D-L 

methionine) for 1 h at 4 °C with 1400 rpm shaking in a benchtop thermomixer, model 

22331 (Eppendorf). The beads were washed twice with binding buffer without soybean 

trypsin inhibitor and suspended in 50 % v/v binding buffer. 20 µl of each IVT reaction 

was diluted 10-fold with binding buffer containing 200 µM GTP and 200 µM MgCl2 and 

mixed with the bead suspension. Binding conditions were at 4 °C for 1 h shaking at 1400 

rpm. The supernatant containing the unbound fraction was recovered by centrifugation at 

500 x g at 4 °C. An equivalent of 1 µl of the original IVT was used for TCA precipitation 

and filtered onto a GF/C membrane (Millipore). The cap-analogue beads were washed 

five times with binding buffer and the final bead fraction was suspended in SDS-PAGE 

sample buffer. The bead suspensions were heated to 90 °C and a fraction equivalent to 1 

µl of the original IVT reaction was applied to GF/C filter paper and counted as described 

above. IVT, unbound, and bead bound fractions were diluted in SDS-PAGE sample 

buffer and heated to 90 °C for 3 min. The samples were separated by 17.5 % high-Tris 

SDS-PAGE using PAGEruler pre-stained molecular weight ladder (Fermentas) as a guide 

and transferred to Immun-blot PVDF (BioRad) using a Criterion blotter (BioRad) for 30 

min at 100 V in 20 % methanol Towbin buffer (BioRad). Labeled proteins were 

visualized on the PVDF membrane using a Storage Phosphor screen (Molecular 

Dynamics) and imaged with a Typhoon 9410 Variable Mode Imager (GE Healthcare). 
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5.5.4 Neuroguidin binding assay 

S-protein agarose beads (Novagen) were blocked using 1 mg/ml soybean trypsin 

inhibitor (Sigma, T9128) in binding buffer (25 mM HEPES/KOH pH 7.2, 10 % glycerol, 

150 mM KCl, 1 mM dithiothreitol, 1 mM D-L methionine) for 1 h at 4 °C with 1400 rpm 

shaking in a benchtop thermomixer, model 22331 (Eppendorf). The beads were washed 

twice with binding buffer without soybean trypsin inhibitor and suspended in 50 % v/v 

binding buffer. 20 µl of each IVT reaction was diluted 10-fold with binding buffer and 

mixed with the bead suspension. Binding conditions were at 4 °C for 1 h shaking at 1400 

rpm. The supernatant containing the unbound fraction was recovered by centrifugation at 

500 x g at 4 °C. The unbound fraction was removed and diluted into sample buffer. The 

S-protein agarose beads were washed five times with binding buffer and the final bead 

fraction was suspended in SDS-PAGE sample buffer. The bead suspensions were heated 

to 90 °C to elute any bound protein. IVT, unbound, and bead bound fractions were 

diluted in SDS-PAGE sample buffer and heated to 90 °C for 3 min. The samples were 

separated by 17.5 % high-Tris SDS-PAGE using a PAGEruler pre-stained molecular 

weight ladder (Fermentas) and Carbon-14 radioactive protein ladder (Perkin Elmer) as a 

guide and transferred to Immun-blot PVDF (BioRad) using a Criterion blotter (BioRad) 

for 30 min at 100 V in 20 % methanol Towbin buffer (BioRad). Labeled proteins were 

visualized on the PVDF membrane using a Storage Phosphor screen (Molecular 

Dynamics) and imaged with a Typhoon 9410 Variable Mode Imager (GE Healthcare). 

 5.5.5 Generation of affinity-purified antibodies 

The amino acid sequences of each eIF4E, except eIF4E-1d2 and -3b, from K. 

veneficum were submitted to the Genscript Optimum Antigen™ Design Tool to 
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Figure 5.7 ELISA results for each affinity-purified antibody specific against 
K.veneficum eIF4E family members
Data provided by Genscript polyclonal antibody production service. Wells were coated 
with 400 ng free peptide in PBS, pH 7.4. The signal was produced by an anti-rabbit IgG 
(H&L) (GOAT) antibody that was peroxidase conjugated and plotted as absorbance units. 
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eIF4E-1a1 SNLKFTADSSEEND

MAFLSFNESFNSNLKFTADSSEENDEMLKKDLP
LRYTWSIWEQIMQSSDKSSAYSDATHKVAQFA
TVQEFWKLWNHMPQPSELLEQKRMVREQPDG
LHVIDAIMIFRDEVRPEWEDKANAAGGHFQWQ
IKPNVGGGQMDEYWNNLVLGMIGATIEPANMI
TGIRLVDKLHGPRAANVIRLEVWFSDFDNTKA
VQDLKKNIEKCMATRLDGSIGSAPKCETKSHG
KH*

eIF4E-1d1 NSWGKIDRKPHAKK

MAQTDVQFLSFNAKISPGLASYQAPSAAELED
MKSKDPALRFTWTIWEQIMHSGDAKSAQYSD
ATHRVASFGTVKGFWKYWNHLPQPSELLDGK
KFVRETESSRNVVDALMLFRDGIRPEWEDAAN
ATGGHFQFTLKPNLGGGAIDEYWNNIVLGMIG
GTIEPPEMITGVRLVDKLNAAGKSAQGLRIEVW
YSAADDATKIDALQRSLEKCMGTRLDGSTAST
NSWGKIDRKPHAKK*

eIF4E-2b STLEWTRVREDDY

MFGSRACVVSLWPNFTADVKTMPEEAQSTLE
WTRVREDDYPKGEHPLESSWTLWIDKKSTDRK
EQDEYISGLKQIGSFSTIEQFFRLFAFIKKPNNLP
RDYSVLCFRTGCKPMWEEFPHGGCWNHRTRR
SDSSNADRLWESMLLACLGEAFETPDIVGCVV
SSRVKEIVVSVWNCDSQCRFKIGERIRTILELTD
NALLEYKAHEDSLKDFSSYSNASIYVMRTSG*

Peptide sequence used 
to generate antibodies Full amino acid sequence

Table 5.2 The full amino acid sequence of each K. veneficum eIF4E family member 
and the peptide used to generate specific antibodies
An additional cysteine has been added to either the amino or carboxy terminus of the 
peptide in order to conjugate the KLH adjuvant. The peptide sequence used to generate 
the antibody is listed and highlighted in red in the full amino acid sequence. 
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determine the optimal antigenic regions to use for immunization. Genscript synthesized 

each antigenic peptide (Table 5.2) and added an additional cysteine residue to allow for 

conjugation to the KLH adjuvant. These were used for immunization of New Zealand 

white rabbits. Antibodies were verified by ELISA analysis (Figure 5.7).  

5.5.6 Recovery of eIF4E from K. veneficum cell extracts by m7GTP-Sepharose binding 

Approximately 1x106 cells from a mid-day growing culture of K. veneficum were 

harvested by centrifugation at 1,000 x g for 10 min. The cell pellet was flash-frozen with 

an ethanol/dry ice bath. The pellet was suspended in 2 ml of lysis/binding buffer (25 mM 

HEPES/KOH, pH 7.6, 10 % glycerol, 150 mM KCl, 1 mM dithiothreitol, 0.1 % Elugent 

(Calbiochem)), loaded into SHREDDER tubes (Pressure Biosciences Inc; Easton, MA) 

and disrupted using a Barocycler NEP2320 at 35,000 PSI for 1 min for 30 cycles. The 

lysate was clarified by centrifugation at 10,000 x g for 10 min at 4 °C and the insoluble 

fraction suspended in 1x SDS-PAGE sample buffer. The supernatant was removed and 

incubated with m7GTP-Sepharose beads (Jena Biosciences) with shaking at 1,200 RPM 

and 4 °C for 1 h using a temperature-controlled Thermomixer 22331 (Eppendorf). The 

beads were pelleted at 500 x g for 1 min and the supernatant removed to become the 

unbound fraction. The beads were washed 5 times with binding buffer and bound protein 

eluted using 1x SDS-PAGE sample buffer and boiled to prepare for electrophoresis. The 

unbound and first wash fraction were TCA-precipitated and suspended in 1x SDS-PAGE 

sample buffer to an equivalent volume to match the bound fraction. 
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Chapter 6 

Further Discussion and Future Directions 

6.1 Further Discussion 

 Dinoflagellates raise more questions about our understanding of eukaryotic 

molecular biology the longer we study them. Why does a free-living single-celled 

organism possess more genetic content, by orders of magnitude, than what we consider to 

be the most complicated eukaryote, H. sapiens? Not long ago, the genome of such an 

unusual alga was out of reach, either because the technology did not exist to tackle it in a 

meaningful way or the economics of study were not deemed worthy of extensive funding. 

However, as technology has advanced along with our appreciation that these algae can 

have meaningful impacts on our lives, interest has grown to fund genome sequencing of 

these organisms. Compounding the enormous genetic content of dinoflagellates appears 

to be the lack of transcriptional regulation that is expected of a eukaryote. Not only are 

genes duplicated but they all appear to be expressed at the transcript level and do not 

change in abundance significantly in response to environmental stimuli. This complicates 

efforts to characterize gene expression patterns based solely on transcriptome profiling. 

Unfortunately, when confronted with an organism that seems to bend the rules for how 

gene regulation should occur on such a massive scale, the question that arises is where to 

start? I choose to start by looking at the next rate-limiting step in gene expression after 

transcription, recruitment of mRNA for translation.  

 Often it is assumed that when a gene is transcribed it is effectively “expressed”, 

except for small sets of genes for which post-transcriptional control is known, such as 

those regulated by specific stress responses. For dinoflagellates, this does not appear to 
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be the case. The most well-known example is the control of bioluminescence patterns by 

regulating the amount of luciferase and luciferase binding protein, but not their mRNA 

levels. In this study, I identified the “highest” expressing eIF4E in A. carterae, eIF4E-3a, 

at the transcript level (Figure 3.5) but was unable to find expression at the protein level 

(Figure 3.8). Meanwhile, eIF4E-1a in A. carterae is a mid-level expressed transcript 

(Figure 3.5) that actually has the highest abundance at the protein level (Figure 3.8). Both 

of these examples demonstrate that examining transcriptomic data to analyze gene 

expression in dinoflagellates is likely to yield false conclusions. The problem of 

controlling gene expression in this manner is summed up with a fundamental question, 

“How does a cell control which mRNA to translate if all mRNA is around all of the 

time?” 

 This study characterizes a set of mRNA cap binding proteins that belong to the 

eIF4E gene family from two species of dinoflagellate, A. carterae and K. veneficum. I 

hypothesized that this family of proteins may have a role in controlling specific gene 

regulation. Duplication and neofunctionalization of eIF4E genes has been a recurring 

theme across eukaryotic evolution. Most species can encode multiple versions of what 

became the eIF4E family of proteins. However, this is usually more limited in scope from 

one (S. cerevisiae) (von der Haar et al., 2000) to as many as seven (D. melanogaster) 

(Hernández et al., 2005; Tettweiler et al., 2012) in a single genome. At least one is used 

as a constitutive translation factor with the rest having some specialized, or unknown, 

function. In contrast, from eleven species of dinoflagellate, I identified 126 orthologs of 

eIF4E (Chapter 2). By using a phylogenetic analysis and including known closely-related 

taxa such as the apicomplexa, ciliates, and heterokonts, I could take these 126 orthologs 
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and group them into three clades. The three clades could be further divided into fifteen 

distinct sub-clades. Only then, with the appropriate taxon sampling, did a trend of 

duplication and conservation of specific eIF4E versions become apparent. This analysis 

was combined with knowledge about the structure of eIF4E to nominate one sub-clade 

(eIF4E-1a) as containing the likely essential translation factor (Aim 1).  

 Bioinformatic analysis of proteins can only go so far as a useful or accurate 

functional characterization of the eIF4E family. Unfortunately, due to the intractable 

nature of dinoflagellate biology, the experimental route available was almost entirely, in 

vitro characterization of these proteins. Even with the advent of new gene-editing 

technology, such as CRISPR/Cas9, knocking out tens, hundreds, or even thousands of 

gene copies (Bachvaroff and Place, 2008) is going to prove to be a daunting challenge in 

dinoflagellates. This makes the traditional approach of knock-out, knock-in 

complementation to test for the necessary and sufficient nature of each eIF4E cognate out 

of reach at this time. Instead, classic biochemical techniques were used with modern gene 

synthesis and antibody production technology.  

The initial characterization of a selection of five of the fourteen eIF4E family 

members of Karlodinium veneficum (Chapter 5) was done without the benefit of the 

phylogenetic analysis. After the phylogenetic analysis, it became clear that Amphidinium 

carterae would provide a more tractable set of eIF4E family members (Chapters 3 and 4). 

I found that after the thorough analysis of the eIF4E family, I had actually chosen an 

overlapping set of K. veneficum eIF4Es (eIF4E-1a1, -1a2, -1d1, and -1d2), rather than a 

diverse set of eIF4E members across the sub-clades to study, based on my hypothesis that 

the sub-clades represent groups of functionally equivalent proteins.  
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By redirecting the study to A. carterae, the effort was made to study as much of 

the diversity of sub-clades as possible, without overlap, so that eIF4E-1d2 in A. carterae 

was not pursued. In addition, I relied on the smaller representation of sub-clades in A. 

carterae to boost the probability of finding the authentic translation factor used for 

general protein synthesis. By the same reasoning, eIF4E-3b was not pursued in this study, 

since the extra domain found in the N-terminus was not consistent with it being the 

translational initiation factor. Indeed, by focusing on this species of dinoflagellate, which 

is becoming the “model” for dinoflagellate biology (Murray et al., 2016), I was able to 

demonstrate that eIF4E-1a appears to be the translation initiation factor. This is based on 

its ability to complement a yeast strain deficient in eIF4E, its ability to be retrieved from 

A. carterae cell lysate by m7GTP-Sepharose beads, and its ability to interact specifically 

with the cap structure by affinity analysis (Chapters 3 and 4). Furthermore, by using the 

data generated from K. veneficum, despite the overlapping set of genes chosen, I 

demonstrated that that eIF4E-1a1 (the homolog to eIF4E-1a in A. carterae) has 

equivalent characteristics (Chapter 5). This reinforces the hypothesis that the eIF4E-1a 

family members are a group of functionally related proteins likely serving as the 

prototypical eIF4E translation initiation factors in dinoflagellates.  

Identifying the prototypical translation initiation factor still leaves open the 

question of, “how is gene expression regulated in dinoflagellates?” My work has 

provided progress on one aspect of this question. In order to study the regulatory factors 

of gene expression, it is important to identify the factors that serve as the general pro-

initiation components. Once these have been characterized, it makes sense to build out 

from there, finding the components with which they interact. In model metazoans, fungi 
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and plants, the initiation factors most involved with eIF4E and mRNA recruitment are 

eIF4G and PABP, forming the theoretical “closed loop complex”, protecting and 

stabilizing mRNA for translation. Identifying these interacting partners will prove to be 

highly valuable if eIF4E is at the center of the regulation of gene expression in 

dinoflagellates. In addition, it will be important to develop a better understanding of 

global regulation of protein translation in these organisms. It has been well-characterized 

that differential programming of gene expression occurs under stress or other stimuli in 

model metazoans, fungi and plants, but do these same models apply to the distantly 

related dinoflagellates? Both of these directions, finding eIF4E binding partners and 

examining global regulation in dinoflagellates, are great places to start for studies after 

those conducted in this thesis. 

6.2 Future Directions and Questions 

6.2.1 What are the binding partners of the diverse eIF4E family members in 

dinoflagellates? 

According to the models of eukaryotic translation initiation eIF4E does not act 

alone in the recruitment of mRNA for translation (Sonenberg and Hinnebusch, 2009). 

Depending on the eukaryote studied, eIF4E and the related family members have been 

shown to have a wide variety of binding partners, some that promote or inhibit its 

function as a translation factor (Kamenska et al., 2014). Indeed, it is through some of 

these binding partners that specific regulation of transcripts can occur. To further our 

understanding of gene expression regulation in dinoflagellates, identification of any 

binding partners would be beneficial. Specifically, is there a functional scaffold protein 

like eIF4G in dinoflagellates? 
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Like eIF4E, eIF4G is represented by a family of proteins in eukaryotes with a 

diversity of structural domains and a range of functions in mRNA recruitment [reviewed 

in (Marintchev and Wagner, 2005; Shatsky et al., 2014)] (Figure 6.1). The N-terminal 

domain region of the ~1600 amino acid human eIF4G carries the binding sites for eIF4E 

and PABP [reviewed in (Pestova et al., 2007)]. The central 1/3 of mouse/human eIF4G 

(HEAT-1/ middle of eIF4G(MIF4G) domain) functions as a “ribosome recruitment core”, 

interacting with eIF4A and eIF3, to coordinate the assembly of various translation 

initiation factors, mRNA and the 40S ribosomal subunit (De Gregorio et al., 1999). The 

number of HEAT domains (named for Huntington, elongation factor 3, a subunit of 

protein phosphatase 2A [PP2A], and target of rapamycin) (Andrade and Bork, 1995) 

carried by eIF4G varies between supergroups of Eukarya. C-terminal to HEAT-1/MIF4G 

of human eIF4G there are two more HEAT domains, HEAT-2/MA3 and HEAT-3/W2 

that contain binding sites for eIF4A, eIF3 and RNA as well as a site for the mitogen-

activated protein kinase interacting kinase Mnk1, which phosphorylates eIF4E-1A 

(Arquier et al., 2005). Like human eIF4G, Drosophila eIF4G also has three HEAT 

domains. However, eIF4G from C. elegans, the basidiomycete, Cryptococcus 

neomorphans and the model plant Arabidopsis have only HEAT-1/MIF4G and HEAT-

2/MA3. S. cerevisiae eIF4G, in contrast, has only a single HEAT domain (HEAT-

1/MIF4G) (Marintchev and Wagner, 2005). 
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  In trypanosomes, there are multiple orthologs of HEAT-1/MIF4G containing 

proteins, but only two (EIF4G3 and EIF4G4) are likely candidates to function as the 

initiation factor (Moura et al., 2015). The regions N-terminal to HEAT-1/MIF4G in 

EIF4G3 and in EIF4G4 are considerably shorter (50 to 77 residues) compared to the 

nearly 600 residues in yeast eIF4G and the more than 700 residues in human eIF4G. 

Figure 6.1 eIF4G from different eukaryotes display different configurations and 
abilites to interact with binding partners
The HEAT-1/MIF4G domain is conserved among all eIF4G sequences. The HEAT-2 and 
HEAT-3 domains are not conserved across all eukaryotic lineages. Human eIF4G1 
interacts with PABP, eIF4E, eIF4A, eIF3, and MNK kinases. S. cerevisiae TIF4631 has 
direct RNA binding domains, but lacks the MA3 and W2 HEAT domains. D. melanogas-
ter eIF4g has all three HEAT domains, but D. melanogaster Mextli has only HEAT-1 and 
a KH domain that may interact directly with RNA.  Leishmania major EIF4G3 interacts 
specifically with EIF4E4, while L. major EIF4G4 interacts specifically with EIF4E3. 
Figure adapted from Marintchev et al. 2005, Shatsky et al. 2014, and Moura et al. 2015. 
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Nevertheless, the motifs for interaction with eIF4E reside in the short N-terminal 

segments of both proteins (Figure 6.1). Two distinct eIF4E binding motifs have been 

identified in EIF4G3 and EIF4G4, although neither agrees with the consensus previously 

defined for the eIF4E binding motif (Moura et al., 2015). The very short N-terminus of 

the trypanosomatid eIF4Gs are not likely to be sufficient for PABP binding. 

Nevertheless, co-precipitation assays confirm an interaction between EIF4G3, but not 

EIF4G4, and PABP1 (Moura et al., 2015). Knockdown of EIF4G3, which partners 

preferentially with EIF4E4, has a demonstrable negative effect on translation. In contrast, 

EIF4G4, which partners preferentially with EIF4E3, is required for viability and growth, 

but not for overall protein translation (Moura et al., 2015). Knockdown of EIF4G4 

induces changes in morphology prior to cell death possibly indicating a selective role for 

this translation factor in the translation of specific mRNAs (Moura et al., 2015). The 

ability of both protein pairs to sediment with polysomes further supports the ability of 

each pair to support translation (Klein et al., 2015). Apart from the common HEAT-

1/MIF4G domain, EIF4G3 and EIF4G4 also share homologous C-termini, including 

divergent HEAT-1/MA3 and HEAT-3/W2 domains (Figure 6.1). 

 In dinoflagellates, transcriptome studies have identified multiple sequences 

encoding MIF4G/HEAT1 (Bachvaroff and Jagus, unpublished data). However, these 

have not, so far, been characterized functionally. It should be noted that recruitment of 

eIF4E-bound mRNA has been shown to occur by a variety of strategies over the 

eukaryotic domain. For instance, in S. cerevisiae, eIF3 and eIF2 are more critical than 

eIF4G for stable binding of mRNA to native preinitiation complexes (Jankowska-

Anyszka et al., 1998). eIF3 contains subunits that bind RNA as isolated proteins, such 
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that eIF3 could interact directly with mRNA in the initiation complex (Jivotovskaya et 

al., 2006). In S. cerevisiae, eIF4G seems to perform instead a rate-limiting function at a 

step downstream of 48S complex assembly in vivo (Yanagiya et al., 2009). Furthermore, 

because of the mechanisms described in mouse/human, it is usually assumed that the 

“closed-loop” conformation is crucial for efficient recruitment of the 43S PIC.  

The “closed loop” brings the 5ʹ and 3ʹ regions of an mRNA molecule together 

through the interactions of eIF4E, eIF4G, and poly(A)-binding proteins (PABPs), 

recently supported by Costello et al. for yeast (Costello et al., 2015). In fact, two distinct 

classes of highly expressed mRNAs are found in yeast; those that are enriched with 

components of the closed loop complex and those that are under-represented with all of 

the closed loop components except PABP. PABP enrichment correlates better with 

ribosome density profiling analyses and global assessments of poly(A) tail length, 

suggesting that PABP interaction may act to support ribosome recruitment to stable 

mRNAs. However, eliminating the PABP-eIF4G interaction by deletion or mutation of 

the PABP-binding domain in eIF4G is not lethal in S. cerevisiae and deletion of the 

PABP-binding domain has no effect on yeast cell growth provided that the RNA-binding 

region in the amino terminus of eIF4G1 (RNA1) is intact (Park et al., 2011). In 

trypanosomes, eIF4G-3 contains only 635 amino acids, with a MIF4G domain and an 

eIF4E binding domain, but no PABP binding domain. However, a PABP binding domain 

is found in the long N-terminus of LmEIF4E-3 presumably providing an alternative 

mechanism for mRNA circularization (Yoffe et al., 2009). Whether PABPs exist in 

dinoflagellates is still under investigation. Through preliminary bioinformatics searches, 

proteins with RNA recognition motifs (RRMs), characteristic of PABP (Kühn and 
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Wahle, 2004) have been identified (personal communication, Tsvetan Bachvaroff, 

Ph.D.). However, there are many candidates and PABPs are not the only proteins with 

RRM domains (Kühn and Wahle, 2004). The candidate eIF4G and PABPs from the 

dinoflagellates will also likely require an extensive phylogenetic approach, similar to that 

used for the eIF4E family, to begin to discern which are the functional translational 

initiation factors. However, a functional analysis can be conducted using much of the 

same methodology used to identify translation factor interactions from other studies.  

Polysome analysis is a routine technique for examining the translating pool of 

ribosomes in a cell. Analysis of the polysome fractions indicate a snapshot of those 

mRNAs that are being actively recruited and translated. In addition, if the “closed loop” 

model of translation is true in dinoflagellates, then the other translation factors should 

also be associated with the polysome complexes. However, even this model is currently 

in doubt as it has been shown that not all the initiation factors stay associated with the 

mRNA being translated and may only be associated with the initiation phase of 

translation (Wang et al., 2016). These data would need to be verified with such a 

distantly related organism like a dinoflagellate, but there are methodologies used to 

characterize the translational initiation factors in trypanosomes that could be applied to 

dinoflagellates.  

Klein et al. provides a good example of the characterization of initiation factors 

that associate with other RNA-binding proteins from Trypanosoma brucei (Klein et al., 

2015). By treating cells with a translation elongation inhibitor, such as cycloheximide, 

elongating poly-ribosomes can be frozen on the mRNA they are translating and extracted 

from cell lysates. The poly-ribosomes are separated from monosomes as well as the 
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individual ribosomal subunits by sucrose gradient fractionation. The proteins associated 

with each fraction are analyzed by shotgun proteomics with mass spectroscopy and a 

translated transcriptome, since no complete genome is available for a dinoflagellate. This 

would allow elucidation of the other proteins involved in translation. In addition, by 

looking at the proteins from the monosomes, 40S, and 80S fractions, differences can be 

examined that may indicate regulatory factors associated with each group of proteins. 

Once a list of candidates is established, further functional analysis can be carried out in 

many of the same type of assays used in this dissertation, such as recombinant protein 

synthesis and surface plasmon resonance to examine protein:protein and protein:RNA 

interactions.  

It is apparent from a range of studies that eukaryotes have evolved many 

strategies to recruit mRNA efficiently for translation whether or not the mix of translation 

factors resemble what is true for mouse/human. As dinoflagellates have such a large set 

of novel or non-identifiable genes, it is not unreasonable that hidden in the genome is a 

new set of translation factors that are unknown in model organisms. Finding binding 

partners to dinoflagellate eIF4E family members may shed light on how specific mRNAs 

can be recruited or sequestered from translation as needed. Using the GST-tagged eIF4E 

recombinant proteins, binding partners can be pulled out of a cell lysate, much in the 

same way as cap-Sepharose beads were used to pull down cap-binding factors. GST-

magnetic beads can be used to ensure a cleaner preparation of proteins that may bind 

non-specifically to the agarose used for cap-beads. Once proteins are pulled down, they 

can be analyzed by SDS-PAGE and mass spectrometry to begin their identification. In 

addition, it may be possible to use recombinant proteins as baits for mRNA that 
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preferentially associate with one eIF4E over another. Native mRNA from a dinoflagellate 

can be isolated and used to incubate with recombinant protein, pulling down transcripts 

that can then be sent for sequence analysis. This may shed light on individual recruitment 

of mRNA to either regulatory or translating pools of transcripts.  

6.2.2 Global regulation of translation, a brief review 

In addition to regulation of recruitment of specific mRNAs or classes of mRNAs, 

another central mechanism of translational control revolves around the phosphorylation 

of the α-subunit of eIF2 [reviewed in (Gebauer and Hentze, 2004)]. As examined in the 

introduction to this dissertation, eIF2 is part of the ternary complex consisting of eIF2 

bound to GTP and a methionine-loaded initiator tRNA that will recognize, through 

anticodon base-pairing, the AUG start codon of the mRNA open reading frame (ORF). 

The protein eIF2 is made up of three subunits, α, β, and γ, with phosphorylation of the α-

subunit at residue Serine-51 (mouse/human). A set of highly regulated, stress-responsive 

eIF2α kinases have evolved to integrate cell signaling pathways and modulate protein 

expression to respond to cellular stress. 

In vertebrates, up to five distinct members of the eIF2α kinase family, designated 

GCN2 (EIF2AK4), PERK (EIF2AK3/PEK), HRI (EIF2AK1), PKR (EIF2AK2/PKRK), 

and PKZ phosphorylate the same serine-51 residue in eIF2α and mediate translation 

control. An important distinguishing difference between these eIF2α-kinases is that each 

is activated in response to different stress conditions and stimuli (Gebauer and Hentze, 

2004). Although each of the eIF2α-kinases possess a related kinase catalytic domain, 

there are flanking regulatory sequences by which each eIF2α-kinase can recognize 

distinct stress signals. These regulatory regions function to bind to different cellular and 
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viral molecules whose levels are modulated during stress, serving to control activation of 

the eIF2α-kinases by a process involving autophosphorylation in the kinase domain.  

HRI (EIF2AK1) is stimulated by heme depletion in erythroid cells and also by 

oxidative stress, osmotic shock, and heat shock (Chen et al., 2014; Lu et al., 2001). HRI 

is the only eIF2α kinase activated by arsenite in erythroid cells (Lu et al., 2001) and is the 

major eIF2α kinase responsive to heat shock. PKR (EIF2AK2) activity is upregulated by 

interferon and stimulated by viral infection (Sadler and Williams, 2007; Munir and Berg, 

2013). However, PKR also plays a more general role in cellular physiology; it can be 

activated in response to signals as diverse as oxidative and ER stress (Ito et al., 1999; Li 

et al., 2010; Cao et al., 2012), as well as cytokine and growth factors signaling (Ito et al., 

1994; Deb et al., 2001) and has been implicated in the pathology of obesity (Guo and 

Cavener, 2007; Nakamura et al., 2010). PERK (EIF2AK3) is an endoplasmic reticulum 

(ER) transmembrane protein activated by the accumulation of misfolded proteins in the 

ER, a phenomenon termed the unfolded protein response (UPR) or ER stress (Cox and 

Walter, 1996). PERK is normally complexed with BiP, a chaperone that is dissociated 

from PERK when unfolded or misfolded proteins accumulate, leading to oligomerization 

and kinase activation (Holcik and Sonenberg, 2005). GCN2 is the primary responder to 

nutritional deprivation and is the only eIF2α-kinase conserved among all eukaryotic 

lineages. It is activated by reduced amino acid levels in yeast and mammalian cells 

(Berlanga et al., 1999; Dong et al., 2000; Hinnebusch, 2005). 

Although phosphorylation of eIF2α by the eIF2α-kinases reduces overall protein 

synthetic rates, it also serves to activate new gene expression programs that serve to 

ameliorate stress damage. This results from increased recruitment of a subset of mRNAs 
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that have upstream open reading frames (Harding et al., 2000; Lu et al., 2004; Vattem 

and Wek, 2004; Baird and Wek, 2012; Barbosa et al., 2013). These uORF-containing 

mRNAs encode transcription factors such as GCN4 and ATF4 as well as other regulatory 

molecules that activate an alternate program of gene expression enabling the cell or 

organism to respond to a range of stressors (reviewed (Harding et al., 2000; Wek et al., 

2006; Baird and Wek, 2012)). In yeast, GCN2 has been shown to be an important inducer 

of GCN4 translation, a transcription factor that regulates the amino acid biosynthesis 

pathway (Dever, 2002).  

This mechanism of translational control is likely to be of relevance to 

understanding the regulation of dinoflagellate gene expression. Expression of diverse 

eIF2α-kinases can be seen in the apicomplexan parasite Toxoplasma gondii. Toxoplasma 

expresses four different eIF2α-kinases designated TgIF2K -A to -D (Sullivan et al., 

2004; Narasimhan et al., 2008; Konrad et al., 2011). The eIF2α-kinases TgIF2K-C and -

D are related to GCN2 and function to manage nutrient depletion and overcome exposure 

to the extracellular environment upon release of the parasite or egress from the host cells, 

respectively (Konrad et al., 2011). eIF2K-A possesses a transmembrane segment and is 

situated at the ER where it is suggested to function analogously to PERK, providing 

Toxoplasma resistance to disruptions in this organelle (Sullivan et al., 2004; Zhang et al., 

2013). 

6.2.3 Is there global regulation of translation in dinoflagellates? 

Dinoflagellates have the exquisite problem of having thousands of genes 

constitutively expressed at the mRNA level without necessarily translating all of them. 

All subunits of the translation initiation factor eIF2 are found in dinoflagellate 
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transcriptomes. (unpublished data, Jagus & Place). In addition, the α-subunit of A. 

carterae and K. veneficum eIF2 has the conserved phosphorylation sites and kinase 

docking domains found in apicomplexan, plant, fungal and metazoan eIF2α. However, 

although global regulation of translation could occur through eIF2α phosphorylation in 

dinoflagellates, it is unlikely to manage preferential translation of specific mRNAs. Our 

group has investigated the 5’-UTRs of the Amphidinium carterae transcriptomes 

available and found that although there are examples of upstream AUGs occurring before 

the authentic AUG start codon, so far there are very few examples of upstream open 

reading frames (uORFs). However, this investigation is still in its preliminary stages and 

requires a more thorough analysis to determine if these premature starts are in fact uORFs 

(personal communication, Tsvetan Bachvaroff, Ph.D.). I have been able to identify one 

putative dinoflagellate eIF2α kinase that has similarity to two of the alveolate, 

Plasmodium falciparum PfPK4 (MÖHRLE et al., 1997) and Toxoplasma gondii TgIF2K-

A (Sullivan et al., 2004), eIF2α kinase genes (unpublished data, Jagus & Place). These 

data will need further investigation to verify whether the putative kinase indeed has 

regulatory function. 

6.3 Summary 

 My work has resulted in an increased understanding of the dinoflagellate 

translational machinery. I have established a verified set of molecular tools specific to 

dinoflagellate proteins involved in protein translation as well as assays to measure their 

functionality. I have identified two candidates as the general translation initiation factor 

eIF4E in two dinoflagellate species and at least two candidates as regulatory factors not 

involved in binding the mRNA cap structure. These tools as well as the data I have 
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generated will benefit future research in the field of dinoflagellate biochemistry as well as 

lead to a better understanding of how dinoflagellates regulate gene expression.  
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