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BEHAVIORAL AND DEVELOPMENTAL ABNORMALITIES IN
SULT4A1 DEFICIENT ZEBRAFISH

FRANCIS CRITTENDEN
PHARMACOLOGY AND TOXICOLOGY
ABSTRACT

Since its identification in 2000, sulfotransferase (SULT) 4A1l has presented an
enigma to the field of cytosolic SULT biology. SULT4AL is exclusively expressed in
neural tissue, is highly conserved, and has been identified in every vertebrate studied to
date. Despite this singular level of conservation, no substrate or function for SULT4Al
has been identified. Previous studies demonstrated that SULT4A1 does not bind the obli-
gate sulfate donor, 3’-phosphoadenosine-5’-phosphosulfate (PAPS), yet SULT4ALl is
classified as a SULT superfamily member based on sequence and structural similarities to
the other SULTSs. In this study, RNA-seq was used to search for alterations in gene ex-
pression in 72 hours post fertilization zebrafish larvae following transient SULT4Al
knockdown (KD) utilizing splice blocking morpholino oligonucleotides (MOs). This
study demonstrates that transient inhibition of SULT4ALl expression in developing
zebrafish larvae results in the up-regulation of several genes involved in phototransduc-
tion. SULT4A1 KD was verified by immunoblot analysis and quantitative real-time PCR
(gPCR). Gene regulation changes identified by deep RNA sequencing were validated by
gPCR. Transcription activator-like effector nucleases (TALENS) were also used to gener-
ate heritable mutations in the SULT4AL gene of zebrafish. The mutation consists of an 8
nucleotide deletion within the second exon of the gene, resulting in a frameshift mutation
and premature stop codon after 132 AA. During early adulthood, casual observations

were made that mutant zebrafish were exhibiting excessively sedentary behavior during



the day. These observations were inconsistent with published reports on activity in
zebrafish which are largely diurnal organisms and are highly active during the day. Thus,
a decrease in activity during the day represents an abnormal behavior and warranted fur-
ther systematic analysis. EthoVision video tracking software was used to monitor activity
levels in wild type and mutant fish over 48 hours of a normal light/dark cycle. SULT4A1
mutant fish were shown to exhibit increased inactivity bout length and frequency as well

as a general decrease in daytime activity levels when compared to their WT counterparts.

Keywords: Sulfotransferase, zebrafish, transcription activator-like effector nuclease,
morpholino, phototransduction, activity levels
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CHAPTER 1
INTRODUCTION
Drug Metabolism and Pharmacokinetics

During the process of drug development, many prospective therapeutic agents fail
to make it too market not for a lack of target site reactivity, but for a simple lack of bioa-
vailability. For non-intravenously administered drugs, the path a compound must take to
its target site can take it through many different biological tissue types, any of which may
have the ability to enzymatically modify the compound. For this reason, significant effort
and resources are expended to identify and characterize the enzymes responsible for these
modifications.

Drug metabolizing enzymes serve several important purposes. One is to facilitate
elimination from the body. Most drugs must pass through multiple lipid membranes and
aqueous compartments to reach their site of action. For this reason, most drugs must be
lipid soluble in their active form and are therefore difficult for the body to eliminate un-
less they are first modified by a phase | and/or phase Il drug metabolizing enzyme. Na-
loxone, as one of many examples, is a highly lipophilic compound that undergoes exten-
sive sulfonation and glucuronidation in the liver. These conjugative metabolites are more
water-soluble than the parent compound and can thus be more easily eliminated in the

urine (Mistry and Houston, 1987; King et al., 1996; Kurogi et al., 2012).



Another important function of metabolic enzymes is the detoxification of harmful
compounds and inhibition of their biological activity. One common dietary carcinogen
found in cooked meats, 2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine (PhIP), and
its carcinogenic metabolite, N-hydroxy-PhIP, undergo extensive conjugation by UDP-
glucuronosyltransferases (UGTS) to form non-toxic conjugates (Langouet et al., 2002). In
many cases, drug metabolizing enzymes can also cause drugs to lose their biological ac-
tivity. Warfarin, for example, is an anticoagulant drug which is metabolized by CYP2C9
to form biologically inactive metabolites (Gulseth et al., 2009). However, while metabol-
ic enzymes can detoxify harmful chemicals, they also have the potential for bioactivation
of otherwise harmless compounds. Such is the case with 3-n-butylphthalide (NBP), a
drug used to treat cerebral ischemia (Liu and Feng, 1995). NBP is oxidized in the liver to
form 3-OH-NBP, then sulfonated by cytosolic sulfotransferase (SULT) 1A1. Spontane-
ous cleavage of the sulfate generates a highly reactive electrophilic cation that can then

bind to hepatocellular proteins and cause hepatotoxicity (Diao et al., 2014).

Sites of Xenobiotic Metabolism

In the human body, the liver is usually the principal site of drug metabolism due
to its very high concentrations of metabolic enzymes and access to intestinal absorption
via the hepatic portal system. Another major site of drug metabolism is the small intes-
tine, where the vast majority of orally administered drugs are absorbed into the blood. For
orally administered drugs, the gut wall and liver together are where most of the metabo-
lism takes place. Blood leaving the gastrointestinal (GI) tract from the small intestine, via

the superior mesenteric vein, and the large intestine, via the superior and inferior mesen-



teric veins, converges in the hepatic portal vein. Because all blood leaving the GI tract
must pass through the hepatic portal vein and then the liver, orally administered drugs
must also first travel through the Gl tract and liver before reaching the general circula-
tion. Many drugs undergo extensive metabolism during this first pass through the GI tract
and liver. This is known as the first-pass effect, and every drug absorbed in the Gl tract is
subject to it. For example, an orally administered dose of hydromorphone will have 62%
of the dose metabolized during its first pass through the gut wall and liver (\Vallner et al.,
1981). While the liver and small intestine account for the bulk of the metabolic activity in
the body, there are many other sites of drug metabolism. In fact, nearly every tissue type
is capable of drug metabolism to a certain degree, especially those which interface with

the environment.

Phase | Drug Metabolism

Metabolic enzymes can be categorized into two classes: phase | enzymes, which
catalyze non-conjugative reactions, and phase Il enzymes which catalyze conjugative re-
actions. The phase I metabolic enzymes, otherwise known as the “non-synthetic” en-
zymes, are responsible for reactions that catalyze the reduction, oxidation, cyclization,
and de-cyclization of many compounds in the body (Parkinson, 1996). By far the most
prevalent family of metabolic enzymes, the cytochrome P450 monooxygenase (CYP)
family, accounts for roughly 75% of all drug metabolism in humans (Danielson, 2002).
The CYPs are comprised of a superfamily of membrane-bound hemeproteins that localize
mostly to the endoplasmic reticulum and mitochondria of the cell. In humans, there are

57 CYP isoforms in 18 distinct gene families (Nelson, 2003). The CYPs catalyze the oxi-



dative metabolism of a wide range of compounds. The mechanism of CYP-mediated me-
tabolism varies depending on the substrate and CYP isoform but always begins with the
transfer of an electron from a donor molecule (usually NADPH) to the heme group of the
CYP, thus activating it (Meunier et al., 2004). ER CYPs are typically coupled with
NADPH cytochrome P450 oxido-reductase to provide a source of reduced NADPH
(Meunier et al., 2004), while mitochondrial CYPs typically receive their NADPH from
adrenodoxin reductase (Lambeth et al., 1976). Other examples of Phase | metabolic en-
zymes are the alcohol dehydrogenases (ADH), which catalyze the oxidation of alcohols
to form aldehydes (Theorell and McKee, 1961), aldehyde dehydrogenases, which cata-
lyze the oxidation of aldehydes to generate carboxyl groups (Marchitti et al., 2008), the
monooxygenases, a class of enzymes which catalyze the reductive addition of a hydroxyl
group to a variety of different substrates (Harayama et al., 1992), and the flavin-
containing monoamine oxidases (FMO), a family of enzymes which catalyze the oxida-

tion of monoamines (Edmondson et al., 2004).

Phase Il Drug Metabolism

Phase Il drug metabolizing enzymes catalyze a different sort of reaction than their
phase | counterparts. While phase | enzymes primarily catalyze the oxidative or reductive
modification of drugs and may not significantly alter the chemistry of a compound, phase
I enzymes specialize in the conjugation of drugs to different moieties. This results in the
addition of a bulky, usually charged group which can substantially alter the chemistry of

a compound.



The most common phase Il reaction and one which accounts for roughly 40% of
phase Il metabolism is glucuronic acid conjugation, or glucuronidation (Evans and
Relling, 1999). These reactions are carried out by a family of enzymes known as UDP-
glucuronosyltransferases (UGTSs). In the glucuronidation reaction, the glucuronyl group
of UDP-glucuronide is conjugated onto the drug at a nucleophilic functional group of ox-
ygen, nitrogen, sulfur, or carbon (King et al., 2000). The resulting glucuronosyl-drug con-
jugates are known as glucuronides. The ability of the UGTSs’ to conjugate to such a wide
variety of functional groups allows them to play an important role in the detoxification of
a wide range of substrates. Another notable phase Il drug metabolizing enzyme super-
family is the SULTSs. Discussed in detail below, the SULTS catalyze the transfer of a sul-
fonate group from 3’-phosphoadenosine, 5’-phosphosulfate (PAPS) onto a hydroxyl or
amine group of the substrate (Tibbs et al., 2014). Glutathione S-transferases (GSTs) are
an extremely diverse group of enzymes that catalyze the transfer of the reduced form of
glutathione (y-glutamyl-cysteinyl-glycine) onto drug molecules (Armstrong, 1991). An-
other diverse group of phase Il enzymes, the acetyltransferases, catalyze the acetylation
of a wide variety of compounds, such as hydralazine, using acetyl coenzyme A (Acetyl
CoA) as the acetyl donor molecule (Timbrell et al., 1980). The methyltransferases cata-
lyze the methylation of substrate compounds using S-adenosyl methionine (SAM) as a
methyl group donor molecule (Weinshilboum, 1988). Lastly, amino acid acyl transferases
are a class of enzymes that catalyze the conjugation of amino acid residues to carboxylic
acid residues on their substrates (Knights et al., 2007). Typically, the amino acids conju-
gated in these types of reactions are Gly, Glu, Arg, and Lys (Gregus et al., 1993). The

amino acid acyl transferases utilize a mechanism whereby ATP is converted to AMP and



conjugated to the substrate to form an acyl adenylate. Substituting the AMP with CoA
yields a high-energy intermediate which is then conjugated to the amino group of the ac-
ceptor amino acid (Knights et al., 2007).

Typically, drugs will undergo phase | metabolism first. The addition or modifica-
tion of a functional group, usually via the generation of a hydroxyl moiety, in phase | will
“prime” them for their phase II conjugation and subsequent elimination from the body.
However, this progression from phase | to phase Il to elimination is not always the case.
Some drugs are simply eliminated after phase | metabolism. Alternatively, some drugs
forego phase | and are primarily metabolized by phase 1l enzymes. Aspirin is a drug that
is conjugated with glycine and eliminated with minimal phase | metabolism (Levy and
Tsuchiya, 1972). These and other possible metabolic pathways to elimination are repre-

sented in Figure 1.

Sulfotransferases
The second most common phase Il drug metabolizing system is the cytosolic
SULT superfamily (Evans and Relling, 1999). The SULTs comprise a superfamily of en-
zymes that catalyze a metabolic reaction wherein a sulfonate moiety is transferred from
the obligate donor, PAPS (Figure 2), onto the substrate in conjugation to a hydroxyl
group or primary amine group. The substrate is generally rendered biologically inactive

and more water soluble, facilitating its elimination from the body (Tibbs et al., 2014).
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Figure 1. Metabolic elimination pathways. Shown is a schematic representation of the
possible pathways for a drug to be rendered water-soluble and eliminated from the body.
Often times, a native drug will first undergo a phase I metabolic modification before be-
ing conjugated to glucuronic acid or another moiety in a phase 1l reaction and then being
eliminated in either the urine or stool. Less commonly, drugs can undergo phase Il con-
jugation and elimination without any phase | modification.



Figure 2. The cytosolic SULT cofactor. Shown here is the cytosolic SULT cofactor, 3’-
phosphoadenosine, 5’-phosphosulfate (PAPS). PAPS is the obligate donor of the sul-
fonate group in sulfation reactions catalyzed by the SULTSs.



Mechanism

The mechanism by which the SULTSs catalyze the sulfonation of substrates is me-
diated by the key amino acid residues His 109, Lys 48, Lys 107, and Ser 135. These resi-
dues, numbered according to their position on human SULT1B1, are mostly conserved
across the catalytically active SULTs (Kakuta et al., 1998; Ong et al., 1999). The sul-
fonate transfer proceeds via an in-line attack by the substrate’s nucleophilic acceptor
group on the exposed sulfate of PAPS. This attack is facilitated in large part by the amino
acid (AA) residue His 109, which deprotonates the substrate’s acceptor hydroxyl group,
allowing the exposed oxygen to make its nucleophilic attack. The importance of this resi-
due is reinforced by the observation that mutation of His 109 renders the SULTS catalyti-
cally inactive (Kakuta et al., 1998). Lys 107 is only conserved across the SULT1 family
and is thought to play a role in the reaction mechanism by acting in concert with His 109
to position the substrate nucleophile and stabilize the transition state of the sulfonate
group being transferred (Teramoto et al., 2009). Lys 48 is also thought to facilitate the
hydrolysis of the PAP-sulfonate bond by interacting with the nucleophilic oxygen on the
phosphate of PAPS and stabilizing the transition state, while Ser 135 assists the hydroly-
sis of PAPS by modulating the position of Lys 48 (Pedersen et al., 2002; Teramoto et al.,
2009). These residue interactions as well as the reaction transition state are represented in
Figure 3.

The process of substrate and PAPS binding can occur one of two ways: either the
substrate binds first, or PAPS binds first. In most cases, whether the substrate or PAPS
binds first has little to no effect on the reaction kinetics. In some cases, however, Kinetic

studies have shown that the substrate will have a higher affinity for the PAPS-bound
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Figure 3. Reaction mechanism of sulfonate transfer with key residues. The blue high-
light denotes the substrate; yellow represents the cofactor, PAPS. Residues are numbered
according to their position on SULT1B1. The reaction proceeds via an attack from the
nucleophilic O of the substrate on the S of PAPS. His 109 facilitates this by acting as a
nucleophile and deprotonating the substrate hydroxyl group. Lys 107 assists in position-
ing the nucleophile and stabilizing the transition state. Lys 48 also assists in stabilizing
the transition state, and its position is modulated by Ser 135.
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enzyme. SULT1B1 has been shown to bind a-napthol with higher affinity when PAP is
already bound (Allali-Hassani et al., 2007). This can be explained by the observation that
PAP/PAPS binding induces the constriction of the substrate binding pocket, giving the
enzyme a higher affinity for small molecule substrates (Cook et al., 2013b; Cook et al.,

2013c).

Structure/function Relationship

Several key structural features are conserved across all of the catalytically active
SULTSs. The core tertiary structure of the enzymes consists of a series of B-pleated sheets
that make up the backbone of the proteins (Allali-Hassani et al., 2007). This rigid struc-
ture provides a foundation which confers stability to the protein. The surface of each pro-
tein has two openings: one that allows the substrate to enter and another that allows
PAPS to enter. The PAPS binding pocket is highly conserved among the SULTS in its
size, charge distribution, and positioning (Kakuta et al., 1998; Ong et al., 1999). Trp 53
and Arg 131, two conserved residues, facilitate the tight binding of PAPS while other res-
idues such as Lys 48 facilitate the sulfonate transfer (Dong et al., 2012). The substrate
binding pocket is less conserved than the PAPS binding pocket, which allows a wider
variety of compounds to bind and be sulfonated. The substrate binding pocket is defined
by three flexible loop regions in the SULT1 isoforms and two in the SULT2 isoforms
(Tibbs et al., 2014). The loop known as loop 3 is comprised of residues Pro 238 through
Thr 262 (in SULT1B1) and is especially important in regulating the substrate specificity
of the SULTs (Cook et al., 2013a). This loop sits on the surface of the proteins and effec-

tively forms a lid over the substrate binding pocket. Dynamic modeling has shown this
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loop to be very flexible in the unbound protein. However, the lid stabilizes when the pro-
tein is bound to PAPS (Tibbs et al., 2014). This is why almost all of the more complete
SULT ecrystal structures are co-crystalized with either PAPS or PAP. The only near-
complete SULT crystal structure without either PAPS or PAP is SULT2A1 (Rehse et al.,
2002). The stabilization of loop 3 induced by PAPS binding also has the effect of con-
stricting the size of the substrate binding pocket by as much as 257 A® (Tibbs et al.,
2014). Our lab has shown that this structural rearrangement can have significant effects
on substrate specificity and reaction kinetics (Cook et al., 2010).

The SULTSs exist in vivo as homodimers. This property of SULTSs is imparted by
the highly conserved dimerization domain with the sequence KXxxXTVxxXE
(Petrotchenko et al., 2001). The importance of this dimerization domain remains poorly
understood, although its high level of conservation suggests an important purpose. Alt-
hough many SULTSs possess identical dimerization domains, no heterodimers have yet

been reported.

Heterogeneity

Just as individual SULT isoforms share sequence homology with the other
isoforms within their respective families, they also share a similar substrate affinity.
Members of the SULT1 family typically have a higher affinity for phenolic compounds
than do members of the SULT2 family, which typically have a higher affinity for 3f3-
hydroxysteroids (Glatt et al., 2001; Coughtrie, 2002). The catalytically active SULT
isoforms can sulfonate a variety of different endogenous and exogenous compounds,

summarized in Table 1. This table demonstrates the heterogeneity of the SULTS’
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substrate specificity, even among members of the same family or subfamily. For exam-
ple, SULT1EL1 is recognized as being a highly active estrogen SULT despite its classifi-
cation in the SULT1 family. Similarly, SULT1AS3 is classified in the SULT1A family
based on global amino acid sequence similarity. However, SULT1A3 displays a higher
affinity towards the monoamine neurotransmitters than the small phenolic compounds
sulfated by SULT1A1 and SULT1A2. In studies considering only the small-molecule
binding profiles of the human SULTs, SULT1AS3 tends to cluster more with members of
the SULT1C subfamily (Allali-Hassani et al., 2007).

The SULTS are expressed in a wide variety of tissue and cell types throughout the
body, most notably in the GI tract and liver (Table 1). All three members of the SULT1A
subfamily are expressed at various points in the Gl tract while SULT1A1 and 1A3 also
are expressed in the brain (Salman et al., 2009; Kurogi et al., 2013). SULT4AL, the sub-
ject of this dissertation, is also expressed in the brain, but as of yet no substrate or func-
tion has been identified for this orphan enzyme (Falany et al., 2000). Of the SULT1 fami-
ly, the SULT1C subfamily has the most heterogeneous distribution with SULT1C2 ex-
pression in the adult kidney, thyroid, and GI tract (Her et al., 1997) and SULT1C4 ex-
pression in the adult kidney, ovary, and spinal cord (Sakakibara et al., 1998). Recent evi-
dence suggests that the SULT1C subfamily also displays heterogeneity of expression
over the course of human development. SULT1C2 expression has been observed in the
fetal kidney and liver, but not in the adult liver (Stanley et al., 2005). Similarly,
SULTI1C4 is expressed widely throughout the fetus, particularly in the lung, kidney, and
heart. By adulthood, however, the protein can no longer be detected in the lung or heart

(Sakakibara et al., 1998). Most SULTSs localize exclusively to the cytosol with one nota-
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ble exception being SULT2B1b. This isoform, which is expressed in the skin, prostate,
brain, and placenta (He et al., 2004; Higashi et al., 2004; Salman et al., 2011), has been
shown to localize in the nucleus in the placenta in a manner that appears related to serine

phosphorylation of the carboxy-terminal peptide (He et al., 2004; He and Falany, 2006).

The Orphan Enzyme SULT4A1

In 2000, our lab identified and cloned a novel SULT-like protein in cDNA librar-
ies of the human and rat brain. It shared many sequence and structural homologies to the
known SULTS, but researchers were unable to demonstrate any catalytic activity, earning
it the name, “Brain Sulfotransferase-like” (Br-STL) (Falany et al., 2000). Br-STL was
later renamed to SULT4AL in accordance with the current standardized SULT nomencla-
ture (Blanchard et al., 2004). This classification as a SULT was based upon sequence as
well as structural similarities to the other SULTS, despite its apparent lack of catalytic
activity. One characteristic that sets SULT4AL apart from the other SULTS is its singular
level of sequence conservation when compared to the other SULTSs. It is the only member
of the SULT gene family in humans which has not been reported to contain at least one
exonic polymorphism (Hildebrandt et al., 2007). Furthermore, SULT4A1 has been identi-
fied in every vertebrate species investigated to date with exceptional AA sequence con-
servation. For example, zebrafish and humans, two species which share no other homolo-
gous SULTSs, have SULT4A1 genes which are 87% identical and 92% similar in se-
quence (Figure 4) (Crittenden et al., 2014). Such a high level of conservation suggests an

important conserved function, but as of yet a function that has not been identified.
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hSULT4A1 MAESEAETPSTPGEFESKYFEFHGVRLPPFCRGKMEEIANFPVRPSDVWI 50
zSULT4A1 MAESEVDTPSTPIEYESKYFEHHGVRLPPFCRGKMDEIANFSLRSSDIWI 50
Kok kokk | kkkkk ok _kkokkkk kkkkkkkkkokokkk kkkkk ok kk k%
hSULT4A1 ViR@xJeyS1.1.QOEVVYLVSQGADPDEIGLMNIDEQLPVLEYPQPGLDIIK 100
zSULT4A]1 ViRexiEIeyST.1.0EVVYLVSQGADPDEIGLMNIDEQLPVLEYPQPGLETIIQ 100
ko ok e ok ok ok kK K Kk K ko kK ke k kK Kk ok Kk Kk ok ok ok kR Rk Kk k ok ok ok ok k| Kk
hSULT4A1 ELTSPRLIKSBELPYRFLPSDLHNGDSKVIYMARNPKDLVVSYYQFHRSLR 150
zSULT4A1 ELTSPRLIKSBILPYRFLPSAMHNGEGKVIYMARNPKDLVVSYYQFHRSLR 150
KA hKKK KKK KKK KKK K kkok Kk kh Rk ok ok kkk ok kK k ok k &k ko k kK ok ok
hSULT4A1 TMSYRGTFQEFCRRFMNDKLGYGSWFEHVQEFWEHRMDSNVLEFLKYEDMH 200
zSULT4A1 TMSYRGTFQEFCRRFMNDKLGYGSWFEHVQEFWEHRMDSNVLFLKYEDMY 200
R R R R S R R
hSULT4A1 RDLVTMVEQLARFLGVSCDKAQLEALTEHCHQLVDQCCNAEALPVGRGRV 250
zSULT4A1 KDLGTLVEQLARFLGVSCDKAQLESLVESSNQLIEQCCNSEALSICRGRV 250
KKk Rk kR kkkkkkkhkkkkkk ok ok Kok Kkokokk kokok * K kK
hSULT4A1 GLWiSSERMREIINNK FDL.VYKQKMGKCDLTFDFYL 284
zSULT4A1l GLWhSBYMRSIUNNK F DV IYROKMAKSDLTFDFIL 284

khkKKkk KhkkhkkhkKhkhkkhkhxk * KKkKk Kk KkhkKxkhkkx Kk

Figure 4. Amino acid sequence homology between human and zebrafish SULT4A1.
Sequences are 86.9% identical and 91.9% similar. Asterisks indicate conserved amino
acids. Periods indicate a changed residue that maintains the same electrochemical proper-
ties. Key conserved features are highlighted in black and include the active site His (res-
idue 111), the KXXFTVXXXE dimerization domain (residues 254-263), and the
TYPKSGT PAPS binding domain (residues 52-58).

Note: From “Inhibition of SULT4A1 expression induces up-regulation of phototransduc-
tion gene expression in 72-hour postfertilization zebrafish larvae” by F. Crittenden, H.
Thomas, C. M. Ethen, Z. L. Wu, D. Chen, T. M. Kraft, J. M. Parant, an C. N. Falany,
2014, Drug Metabolism and Disposition, 42, p. 947. Copyright 2014 by The American
Society for Pharmacology and Experimental Therapeutics. Reprinted with permission.
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Tissue Distribution and Expression Regulation

SULT4AL is expressed extensively throughout the central nervous system (CNS)
(Falany et al., 2000; Liyou et al., 2003). In humans and rats, immunohistochemical stud-
ies have shown it to have especially strong immunoreactivity in the neurons of the cho-
roid plexus, cerebral cortex, cerebellum, thalamus, pituitary, medial temporal lobe, and
lentiform nucleus (Liyou et al., 2003). SULT4AL1 appears to have different levels of ex-
pression and subcellular localizations depending on where it is expressed within the CNS.
In the cerebral cortex, especially strong expression was observed in the lamina 5 pyrami-
dal neurons of the motor cortex. Throughout most of the brain, SULT4A1 was shown to
localize mostly to the soma and dendrites of neurons. In the thalamus, punctate granular
staining suggests a synaptic localization as well (Liyou et al., 2003). The reliability of
these immunohistochemical studies, however, is suspect. Given the highly conserved na-
ture of SULT4A1 among vertebrates, the protein is not highly immunogenic. As a result,
most antibodies to SULT4AL1 are not reliable. SULT4AL is expressed in a number of gli-
oblastoma cell lines as well including LN229 and U251, although it does not appear to be
oncogenic (Sun et al., 2012). Its expression in these lines can be slightly induced by
treatment with resveratrol. Translation of SULT4A1 appears to be driven by the tran-
scription factors cCAMP-responsive element binding protein (CREB) and activating tran-
scription factor-2 (ATF-2) and can be induced by p-opioid stimulation (Butcher et al.,
2010).

In mice, there appears to be disequilibrium of expression of SULT4A1 between
adult males and females. In male mice, brain levels of SULT4A1 mRNA remained simi-

lar to female brain levels until the animals reached the age of 30 days. At this point,
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MRNA levels in the female brain increased while those in the male brain remained rela-
tively constant. As adults, female mice displayed 4-fold higher levels of SULT4A1
MRNA than their male counterparts (Alnouti and Klaassen, 2006).

There is conflicting evidence for expression of SULT4Al outside the central
nervous system. Although no SULT4AL1 has been detected outside the CNS by northern
or western blot analysis, partial transcripts have been detected throughout the body
(Falany et al., 2000; Alnouti and Klaassen, 2006; Crittenden et al., 2014; Sidharthan et
al., 2014). In humans, much of this is due to a splice variant which results in an additional
exon between the sixth and seventh exons and a premature stop codon (Falany et al.,
2000; Sidharthan et al., 2014). This splice variant has been detected by PCR in the hu-
man thymus, spleen, testis, prostate, placenta, ovaries, kidney, colon, and small intestine

(Sidharthan et al., 2014).

Biochemical Properties of SULT4A1

Structurally, SULT4A1 shares many common features with the other SULTSs.
Comparison of the crystal structure to that of the other SULTSs reveals a remarkable con-
servation of structures such as the -sheet backbone, catalytic His, dimerization domain,
and key amino acid residues necessary for the binding of PAPS (Figure 5). In fact, most
of the resolved crystal structure of h\SULT4A1 (1ZD1) (Allali-Hassani et al., 2007) lines
up very well with that of the catalytically active SULTSs. Because of the conserved dimer-
ization domain, SULT4AL has been shown to exist as a homodimer in vitro (Sidharthan

etal., 2014).
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Figure 5. Stereoscopic view of SULT1B1 and SULT4AL. (A) SULT1B1 (2Z5F) and
(B) SULT4A1 (1zZD1). Important conserved domains are colored as follows: dimeriza-
tion domain (yellow), loop 3 (blue), and active site histidine (magenta). SULT1B1 is pic-
tured here with PAP (green, blue, and orange) bound.
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Unlike the other SULTs, SULT4A1 has a demonstrated inability to bind the co-
factor, PAPS (Allali-Hassani et al., 2007). This inability is likely due to one of the few
prominent structural differences between SULT4A1 and the other SULTSs. The sequence
spanning from Gln 236 to Gly 248, known as “loop 3” in the SULTS, is substantially
shorter in SULT4ALl than in the other SULTs (Figure 5). In the catalytically active
SULTSs, this loop is 24 residues long and effectively forms a lid over the substrate binding
pocket. Variations in the sequence of this loop are responsible for much of the variation
in substrate specificity seen in the SULTs (Cook et al., 2013a). Loop 3 is very flexible,
and has only been fully resolved in the crystal structure of the active SULTs when bound
to either PAP or PAPS (Tibbs et al., 2014). In SULT4A1, however, loop 3 is much short-
er (only 13 amino acids) and relatively more rigid. The only available crystal structure for
SULT4A1 has many unresolved sequences, but loop 3 did fully resolve despite the fact
that the protein was not co-crystalized with PAP or PAPS. The positioning of loop 3 in
the crystal structure may help explain why SULT4A1 has no demonstrable catalytic ac-
tivity. Rather than extending out across the substrate binding pocket, as in the other
SULTSs, loop 3 of SULT4AL is shortened and pulled away from the active site and actual-
ly resides in the same physical space where PAPS has been shown to bind to the other
SULTs (Figure 6). The “TYPKXGT” PAPS binding domain (Kakuta et al., 1998;
Pedersen et al., 2002) is conserved in SULT4A1. However, a key conserved Tyr residue
which has been shown to stack with the adenosine ring of PAPS in the other SULTs
(Allali-Hassani et al., 2007) is substituted for a Leu residue in SULT4A1 (amino acid 60,

Figure 4). Taken together, these differences between SULT4A1 and the other SULTSs
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Figure 6. Stereoscopic view of PAPS binding site in SULT1B1 and SULT4Al. Hu-
man SULTIB1 (2Z5F) and SULT4A1 (1ZD1) crystal structures were aligned in
PyMOL . (A) SULT1BI with co-crystallized PAP (yellow). Loop three (blue) stretches
out over the substrate binding pocket from the PAP binding pocket. (B) SULT4A1 crystal

structure showing steric clashing between the 3’ phosphate of PAP and R247 on the
shortened loop 3 of SULT4AL.
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help explain why SULT4A1 apparently does not bind the obligate donor, PAPS, and
hence cannot catalyze the sulfonation of any substrates by itself.

Another result of SULT4A1’s shortened loop 3 is that the putative substrate bind-
ing pocket is more open to solvent than is the case with the other SULTSs (Figure 7). It is
possible that another protein could be required to bind and effectively close off the active
site before SULT4AL can exhibit any activity. Several studies have been conducted in
recent years to identify a binding partner. One report published in 2009 implicated pep-
tidyl-prolyl cis/trans isomerase (Pinl) as a binding partner of SULT4A1 (Mitchell and
Minchin, 2009). Pinl is a proline isomerase thought to be involved in the regulation of
mitosis that has been shown to localize to the cytoplasm and nuclei of CNS neurons in
humans (Lu et al., 1996). Pinl binding appears to be dependent upon phosphorylation of
Ser/Thr-Pro motifs on the target protein, indicating that such motifs on SULT4A1 would
also need to be phosphorylated for such an interaction to occur (Yaffe et al., 1997). One
study demonstrated that SULT4A1 is indeed phosphorylated at Thr 11 by extracellular
signal-regulated kinasel (ERK1) and dephosphorylated by protein phosphatase 2A
(PP2A) in SULT4AL1 transfected HelLa cells, although this has not been demonstrated to

occur in cells which endogenously express SULT4A1 (Mitchell et al., 2011).

Psychopathology

In recent years, SULT4A1 has been implicated in a number of pathological states,
most notably schizophrenia (Brennan and Condra, 2005; Condra et al., 2007; Meltzer et
al., 2008; Disciglio et al., 2014). The SULT4Al gene resides in chromosome 22

(22g13.3), a region which has been linked to schizophrenia susceptibility
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Figure 7. Stereoscopic view of a surface model of SULT4AL. (A) A surface model of
SULTI1BL. The active site histidine is buried within the protein. (B) A surface model of
SULT4AL. The active site histidine (magenta) can be seen from the surface of the protein
and is open to the solvent.
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(Vallada et al., 1995; Jorgensen et al., 2002; Mowry et al., 2004). As early as 2005, a
haplotype (SULT4A1-1) of polymorphisms in the 5’ untranslated region (UTR) of the
gene was implicated as a possible biomarker for genetic predisposition for schizophrenia
(Brennan and Condra, 2005; Condra et al., 2007). The polymorphisms are non-coding
and do not overlap any known promoter region. As of yet, no evidence has been pub-
lished that demonstrates any decreased level of SULT4AL expression in schizophrenic
individuals who harbor this haplotype. Patients with the SULT4A1-1 haplotype have also
been shown to have an increased responsiveness to the antipsychotic drug olanzapine as
well as a higher baseline psychopathology (Ramsey et al., 2011; Ramsey et al., 2014).
Patients with this haplotype who were treated with antipsychotics were also shown to
have fewer hospitalization events than patients without the haplotype (Liu et al., 2012).
Two single-nucleotide polymorphisms have been identified in the introns of the human
SULT4A1 gene (Meltzer et al., 2008). Patients heterozygous for one of the SNPs were
shown to have significantly more severe clinical symptoms of schizophrenia, while pa-
tients heterozygous for the other SNP performed worse during neuropsychological test-
ing, particularly on tests of working memory. It should be noted, however, that there have
not been any exonic polymorphisms identified in the SULT4AL genes of schizophrenic
patients (Lewis and Minchin, 2009).

The 22913 gene region is also implicated in the occurrence of certain neurological
developmental disorders. Deletions in this region are well described and are believed to
be the cause of the Phelan-McDermid syndrome. Phelan-McDermid syndrome is charac-
terized by global developmental delay, severe neonatal hypotonia, intellectual impair-

ment, and minor developmental abnormalities (Phelan and Rogers, 2011; Phelan and
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McDermid, 2012). Over half of Phelan-McDermid patients demonstrate autistic behavior,
resulting in its classification as a form of autism spectrum disorder (ASD) (Phelan and
McDermid, 2012). Typically, Phelan-McDermid syndrome is most commonly attributed
to the deletion of the gene encoding the protein, SH3 and multiple ankyrin repeat do-
mains 3 (SHANK3) (Luciani et al., 2003; Wilson et al., 2003; Bonaglia et al., 2011).
SHANKS3 also resides in the 22913 gene region, just 6.8 megabase pairs (Mbp) from
SULT4AL. In 2014, Disciglio et al reported on a new contiguous gene syndrome in pa-
tients with 22q13 deletions which did not involve SHANK3 (Disciglio et al., 2014).
Symptoms in these patients included developmental delay, speech delay, hypotonia, au-
tism, and dysmorphic physical features, most notably in the face, hands, and feet. The
minimal deleted region in these patients included SULT4A1, implicating it as a candidate

gene for the major neurological features of this syndrome.

Specific Aims

Zebrafish as a Model Organism for the Study of SULT4Al

The purpose of this study was to investigate the phenotypic effects of SULT4A1
expression deficiency as a means to gain insight into the molecular function of this pro-
tein. Given SULT4A1’s implications in both schizophrenia and the 22q13 deletion syn-
drome described above, it could be reasonably expected that a phenotype would manifest
as any one of a number of developmental, social, cognitive, or otherwise behavioral defi-
cits. The ideal model organism for such a study would thus requisitely meet the following
criteria: 1) possess a SULT4A1 gene with a high level of homology to that of the human

gene, 2) easy manipulation of gene expression, and 3) the ability to conduct a variety of
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behavioral tests. As is common among vertebrates, zebrafish SULT4Al1 (zfSULT4A1)
displays extensive homology with human SULT4Al (hSULT4Al). The two proteins
share primary sequences that are 87% identical and 92% similar, making zebrafish a suit-
able model organism for the study of SULT4A1 (Table 2). To date, 16 SULT genes have
been identified in zebrafish, although zfSULT4AL is the only SULT with sufficient ho-
mology to be identified as homologous to its human counterpart (Liu et al., 2010). Given
the extensive homology between zfSULT4A1 and hSULT4A1, we believe that any in-
sight gained into the role of SULT4A1 within the zebrafish nervous system will enhance
our understanding of the physiological properties of the protein within the human nervous
system.

Another characteristic of zebrafish that makes them well-suited for use in this and
other studies is the ease with which a protein’s expression can be selectively suppressed.
At the transcriptional level, morpholino oligonucleotides (MOs) can be used to suppress
gene expression in larval zebrafish for the first several days of development. MOs are
short (usually about 25 base pair) oligonucleotides comprised of nucleic acids with modi-
fied bases. The backbones of these MOs are comprised of morpholine rings instead of
ribose or deoxyribose rings, and the linkages are non-ionic phosphorodiamidate groups
instead of anionic phosphodiester bonds (Summerton and Weller, 1997). These oligonu-
cleotides can be injected into a zebrafish embryo at the one or two cell stage and prevent
gene expression by binding to a complimentary strand of mRNA and either blocking
splicing or blocking translation (Nasevicius and Ekker, 2000; Draper et al., 2001,

Heasman, 2002; Deas et al., 2007).
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Table 2: Sequence homology of SULT4A1L across different vertebrate species

Species TCXZI\ AA Changed % ldentical Similar AA % Similar
Human

284
(CAG30474) 8
Rabbit

284 4 _ 2 .
(NP_001076173) 8 98.59 99.3
Rat
(NP_113829) 8 6 97.89 98.59
Finch

284 1 4.37 7 7.54
(NP_001232743) 8 6 94.3 97.5
Frog
(NP_001087553) 8 3 89.08 8 93.66
Zebrafish

284 37 86.97 23 91.9

(NP_001035334)

AA changed denotes the number of amino acid residues that differ from the human iso-
form of SULT4A1. Similar AA denotes the number of amino acid residues that differ
from the human isoform of SULT4A1, but maintain the same electrochemical properties.
Numbers in parentheses indicate GenBank accession number.

Note: From “Inhibition of SULT4AL expression induces up-regulation of phototransduc-
tion gene expression in 72-hour postfertilization zebrafish larvae” by F. Crittenden, H.
Thomas, C. M. Ethen, Z. L. Wu, D. Chen, T. M. Kraft, J. M. Parant, an C. N. Falany,
2014, Drug Metabolism and Disposition, 42, p. 947. Copyright 2014 by The American
Society for Pharmacology and Experimental Therapeutics. Reprinted with permission.
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While MOs are a useful tool to knockdown gene expression over a short period of
time, recent advances in genomic editing technology have enabled researchers to rapidly
generate heritable mutations in the zebrafish genome. One such advance utilizes tran-
scription activator-like effector nucleases (TALENS). Identified in Xanthomonas bacteria,
transcription activator-like effector (TALE) proteins contain a novel DNA binding motif
that can be used to create DNA binding peptides that bind to highly specific sequences in
the genome (Boch et al., 2009; Moscou and Bogdanove, 2009; Bogdanove and Voytas,
2011; Miller et al., 2011). By coupling them to the endonuclease Fokl, researchers can
use TALENSs to induce double stranded breaks in the genomic DNA at specific loci
(Christian et al., 2010; Miller et al., 2011). In addition to TALEN technology, a system
for generating mutations has been developed which utilizes clustered, regularly inter-
spaced, short palindromic repeats (CRISPR) system (Cong et al., 2013). The CRISPR
system utilizes RNA-guided Cas9 nucleases with customizable specificities to target spe-
cific genomic loci.

Because a portion of this project calls for the monitoring of SULT4A1 mutants
for abnormal behavior, a suitable model organism would exhibit robust, quantifiable be-
haviors that would provide insight into a wide range of areas including, but not limited to,
anxiety, cognition, activity levels, and social behaviors. Zebrafish are quickly rising in
popularity as a model organism for investigating pathological behaviors (Best and
Alderton, 2008; Norton and Bally-Cuif, 2010; Stewart et al., 2011) as well as modeling
complex brain disorders (Miller and Gerlai, 2007; Kalueff et al., 2014; Stewart et al.,
2014). The field of zebrafish behavioral analysis is currently seeing rapid advancement

and characterization of social, sexual, sleep, anxiety-related, sensory, reward-seeking,
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and cognitive behaviors (Kalueff et al., 2013). Much of the neuroanatomy and neuro-
physiology is conserved among zebrafish and mammals (Panula et al., 2006; Panula et
al., 2010), justifying their use as a model organism for the study of certain behavioral
paradigms. Our long term goal for this project is to characterize the physiological role of
SULT4A1 within the vertebrate nervous system. We hypothesize that (1) inhibition of
SULT4A1 expression by TALEN knockout or MO knockdown will impair the normal
development of zebrafish larvae and will affect normal gene expression and (2) inhibition
of normal SULT4A1 expression in zebrafish will result in one or more abnormal behav-
ioral phenotypes.

The following specific aims were proposed to investigate the role of SULT4AL in

the zebrafish nervous system:

Aim 1: To characterize the effects of SULT4AL expression deficiency on develop-
ment and gene expression in larval and adult zebrafish. The objective of this aim was
to investigate the potential developmental and gene expression abnormalities in
SULTA4AL deficient zebrafish. Because of the extraordinary conservation of SULT4A1
and its early onset of expression, it was hypothesized that zebrafish with a mutated
SULT4A1 gene or suppressed SULT4AL expression would exhibit gross developmental
or morphological abnormalities that would then provide insight into the physiological
function of SULT4AL. Similarly, it was hypothesized that changes in gene expression
would be observable through quantitative sequencing of the transcriptome (RNA-seq). A
common belief among investigators of SULT4AL is that the protein may act in concert

with another protein or binding partner to effect its physiological function (Falany et al.,
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2000; Minchin et al., 2008; Mitchell and Minchin, 2009; Mitchell et al., 2011;
Crittenden et al., 2014). The intention of this aim was to identify changes in gene expres-
sion which would then provide insight into possible protein or pathway interactions of

SULT4AL.

Aim 2: To analyze SULT4A1 mutants for behavioral phenotypes. Total RNA se-
quencing of 72 h post fertilization (hpf) control and knockdown zebrafish larvae has re-
vealed a large number of proteins involved in phototransduction are up-regulated in
SULT4A1 knockdown larvae. This, in addition to mounting evidence linking SULT4Al
polymorphisms with schizophrenia and ASD (Brennan and Condra, 2005; Condra et al.,
2007; Meltzer et al., 2008; Disciglio et al., 2014), led us to hypothesize that SULT4Al
deficiency in zebrafish would lead to quantifiable changes in behavior. The objective of
this aim was to determine if SULT4A1 deficiency resulted in sufficient neural dysfunc-
tion to effect quantifiable behavioral changes that could then provide insight into the role

that SULT4AL plays in the vertebrate nervous system.

Aim 3: To analyze the biochemical properties of SULT4AL. The objective of this aim
was to identify a substrate, function, or protein binding partner for SULT4AL. Since its
identification and cloning in 2000 by Falany et al, multiple labs have attempted and failed
to identify a substrate for SULT4A1 (Falany et al., 2000; Allali-Hassani et al., 2007).
Because multiple labs have been unable to identify a substrate for SULT4A1, it is con-
ceivable that it may not be an enzyme. If such is the case, it is possible that the protein

may bind in vivo with another protein in order to carry out its physiological function. In
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this aim, we attempted to utilize methods including mass spectrometry metabolomics and

co-immunoprecipitation to biochemically characterize SULT4AL.
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CHAPTER 2
METHODS
Zebrafish Lines and Maintenance
Tubingen and AB strain zebrafish were housed in a recirculation aquaria system
(Aquaneering Inc., San Diego, CA) in the UAB Zebrafish Research Facility. Light cycle
was maintained at 14h light/10h dark. All animals were cared for in accordance with the
guidelines set forth by the Institutional Animal Care and Use Committee of the Universi-

ty of Alabama at Birmingham.

Lysate Collection

Lysate was prepared from adult zebrafish brain, eye, intestine, liver, and testes as
well as 72 hpf zebrafish knockdown (KD) and control embryos. Zebrafish were eu-
thanized in ice water immediately prior to dissections. Samples were dissected and placed
in sterile phosphate-buffered saline (PBS) with Complete Mini EDTA-free Protease In-
hibitor Cocktail Tablets (Roche, Basel, Switzerland) and Phosphatase Inhibitor Cocktail 2
(Sigma-Aldrich, St. Louis, MO). Samples were disrupted by pipetting, shaken vigorously
for 5 min at 4°C using a Vortex Genie 2™ (Thermo Fisher, Carlsbad, CA), and sonicated
twice for 10 s with 30 s cooling on ice between sonications. The cycle of pipetting, vor-

texing, and sonicating was repeated, and lysate was collected by centrifugation at 15,000
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x g for 20 min at 4°C. Lysate protein concentration was determined using a Bio-Rad pro-

tein assay and gamma-globulin standards.

Bradford Analysis of Protein Concentrations

For each protein concentration assay, a standard curve was created using a solu-
tion of gamma-globulin of known concentration (Bio-Rad, Hercules, CA). The following
concentrations were used in each standard curve: 0 mg/mL, 1 mg/mL, 2 mg/mL, 5
mg/mL, and 10 mg/mL. A total of 1 pL of each concentration as well as 1 pL of un-
known protein solution were loaded into separate test tubes. A volume of 1 mL of Bio-
Rad Protein Assay Dye Reagent was added to each tube. Tubes were gently vortexed and
incubated at room temperature for 5 min, then absorption at 595 nm (Asgs) was measured
for each sample on a Spectronic 601 Spectrophotometer (Milton Roy, lvyland, PA).
Standard curve measurements were plotted in Excel, and the Excel-generated trendline

was used to determine protein concentrations in the unknown samples.

Trendline formula: y =mx + b
y = Asgs at protein concentration x mg/mL
m = slope (determined by Excel)
X = protein concentration (mg/mL)

b =y intercept (determined by Excel)
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SULT4AL1 Protein Expression Knockdown by Morpholino Injection

MOs (Gene Tools, LLC., Philomath, OR) were designed to target the splice donor
sites of exon 1 of the SULT4Al transcript (SULT4A1 MO, 5’-
TAATGCACGCGATTGAATACCTGAT-3’) (Figure 8). This results in the inclusion of
intron 1 in the transcript and an in-frame premature stop codon 382 bases downstream
from the translation start site. MOs were reconstituted in deionized water and diluted to a
working concentration of 1.64 mM. Embryos were collected from natural matings and
injected using a Harvard Apparatus PLI-100 injection system at the one or two cell stage
with 0.82 pmol of either SULT4A1 MO or a standard control MO (SCM, Gene Tools).
Effectiveness of KD was verified by quantitative PCR (qPCR) using TagMan Gene Ex-
pression Assays (Life Technologies, Carlsbad, CA) and by immunoblot analysis.
Zebrafish embryos injected with SULT4A1 MO and SCM were observed for gross mor-
phological phenotype changes at 48, 72, and 120 hpf. At each time point, 10 SCM and 10
SULT4A1 MO embryos were selected at random and assessed for the development of

heart, ears, eyes, circulatory system, and swim bladder.

Immunoblot Analysis
Protein samples were diluted 1:1 in 2x Laemmli sample buffer (100 mM Tris-Cl
(pH 6.8), 2% SDS, 20% glycerol, 4% [-mercaptoethanol), and diluted protein samples
were heated at 95°C for 3 min to denature protein. Acrylamide gels (10%) for protein
electrophoresis were created by combining 4.85 mL H,0, 2.5 mL 40% acrylamide, 2.5
mL 1.5 M Tris/SDS, 5 pL TEMED, and 50 pL 10% ammonium persulfate. A 5%

acrylamide gel was used as a stacking gel. Samples were loaded into the 10% acrylamide
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Morpholino

TAATGCACGCGATTGAATACCTGAT
3 % % % % % Kk ok ok Kk ko ok ok ok ok ok ok ok ok ok

CATAGGATTACGTGCGCTAACTTATGGACTAAACCCTATACACTGCTAG
.
Intron 1 Exon 1

Figure 8: MO targeting of zZSULT4AL gene. The SULT41 MO was designed to target
the junction of Intron 1 and Exon 1. Red: MO sequence. Black: Intron 1 sequence. Green:
Exon 1 sequence. Asterisks indicate hydrogen bonding between MO nucleotides and
MRNA nucleotides.
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gel in a BIO-RAD Mini Trans-Blot® Cell and run at 80-160 V until blue dye reaches the
bottom of the gel. Running buffer: 0.3% tris, 1.44 % glycine, 0.1% SDS. Protein was
transferred onto a nitrocellulose membrane (pore size: 0.45 pum) using a BIO-RAD Trans-
Blot® SD Semi-Dry Transfer Cell run at 11 V for 30 min. Transfer buffer: 48mM tris, 39
mM glycine, 20% methanol, pH 9.2. After transfer, nitrocellulose membrane was re-
moved and allowed to dry briefly on a piece of filter paper. Membrane was blocked for 1
h at room temperature in 5% milk in Tris-buffered saline (TBS: 0.8% NaCl, 0.02% KClI,
0.3% Tris, pH 7.4). Membrane was then rinsed 3 times and stored overnight in Tween-
TBS (T-TBS: 0.8% NacCl, 0.02% KCI, 0.3% Tris, 0.0005% Tween 20, pH 7.4).
Antibody solution was created by adding 200 pL blocking solution to 9.8 mL T-
TBS to make 0.1% milk/T-TBS. Primary antibody was added, and membrane was incu-
bated at room temperature in this solution for 2 h. Primary antibody solution was poured
off and membrane was rinsed 3 times for 5 min each in T-TBS. Secondary antibody solu-
tion was prepared in the same manner as primary solution, and membrane was incubated
at room temperature in secondary antibody solution for 1 h. Membrane was washed again
3 times in T-TBS for 5 min each. For visualization of immunoreactive bands, membranes
were incubated for 5 min in SuperSignal® West Pico Chemiluminescent Substrate

(Thermo Scientific, Carlsbad, CA) and developed by exposure to x-ray film.

RNA Isolation and Quantification
Tissue samples or zebrafish larvae were placed in 1 mL STAT-60 (Tel-Test,
Friendswood, TX) and homogenized by repeated pipetting, then capped samples were

incubated at room temperature for 5 min. A total of 200 pL chloroform was added to
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each sample, and samples were vortexed for 15 s then incubated at room temperature for
3 min. Samples were centrifuged at 12,000 g for 15 min. Colorless top layer was pipetted
into a fresh 1.5 mL microcentrifuge tube, and 500 pL isopropanol added. Samples were
vortexed and incubated at room temperature for 10 min, then centrifuged at 12,000 g for
10 min to precipitate RNA as a white pellet. The supernate was discarded, and 1 mL 75%
EtOH added. Samples were vortexed and centrifuged for 5 min at 7,500 g. Excess EtOH
was decanted, and RNA pellet was allowed to dry before re-hydrating in 100 uL DEPC-
treated water (Fisher Scientific). RNA concentration was quantified using a NanoDrop®
ND-1000 spectrophotometer. RNA concentration was calculated using the following

formula: [RNA] = OD2g * 40 ng/pL.

Reverse Transcription of RNA
Reverse transcription of RNA to generate cDNA was carried out using Super-
Script™ II Reverse Transcriptase (Invitrogen, Carlsbad, CA) according to the manufac-
turer’s protocol. For each reaction, 200 ng of template RNA was used. Primers used in
each 20 pL reaction were either 250 ng random primers (Invitrogen) or 500 ng oli-

go(dT)12-18 (Invitrogen).

Quantitative Real-Time PCR
gPCR reactions were carried out in 384-well clear optical reaction plates (Applied
Biosystems, Carlsbad, CA) using TagMan® Real-Time PCR Assays (Life Technologies)
with an Applied Biosystems™ 7900HT Sequence Detection System. Each 15 pL reac-

tion contained 7.5 pL TagMan Master Mix, 5.75 pL H,0, 0.75 pL TagMan® assay pri-
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mer/probe mix, and 1 uL of SuperScript™-generated cDNA. Each reaction was carried
out in triplicate. Samples were compared using the ACt method, and p-values were de-
termined using Student’s t-test. Statistical significance was assumed if the p-value was

less than 0.05.

RNA-Seq

Embryos injected with either SCM or SULT4A1 MO were separated into 4
groups of 15 embryos (2 SCM and 2 SULT4A1 MO). At 72 hpf, all 4 groups were sacri-
ficed, and total RNA was isolated using STAT-60™ (Tel-Test). mMRNA-sequencing was
performed on an Illumina HiSeq2000 in the UAB Heflin Center for Genomic Sciences.
Briefly, the quality of the total RNA was assessed using the Agilent 2100 Bioanalyzer
followed by 2 rounds of polyA+ selection and conversion to cDNA. TruSeq library gen-
eration Kits were used as per the manufacturer’s instructions (Illumina, San Diego, CA).
Library construction consisted of random fragmentation of the polyA+ mRNA followed
by cDNA production using random primers. The ends of the cDNA were repaired, A-
tailed, and adaptors ligated for indexing (up to 12 different barcodes per lane) during the
sequencing runs. The cDNA libraries were quantitated using qPCR in a Roche Light-
Cycler 480 with the Kapa Biosystems Kit for library quantitation (Kapa Biosystems, Wo-
burn, MA) prior to cluster generation.  Clusters were generated to yield approximately
725K-825K clusterssrmm2. Cluster density and quality were determined during the run
after the first base addition parameters were assessed.

The raw FASTQ files were aligned to the zebrafish reference genome (Zv9,

Sanger Institute) following the workflow of the Galaxy instance installed at UAB
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(http://galaxy.uabgrid.uab.edu). Pre-alignment was conducted to determine if trimming
was needed based on reads quality score. The BAM files were generated following
RNA-seq data analysis workflow of Tophat (Trapnell et al., 2009), Cufflinks, and Cuff-
compare (Trapnell et al., 2010). These BAM files were loaded into Partek Genomics
Suite 6.6 (Partek, Inc., Saint Louis, MO) for further statistical and functional analysis.
Briefly, the reads per kilobase of exon model per million mapped reads (RPKM)-
normalized reads (Mortazavi et al., 2008) were calculated and the expression levels of
genes were estimated (Xing et al., 2006; Mortazavi et al., 2008; Wang et al., 2008). The
differential expressions were determined by ANOVA as described in the vender user
manual. A gene list was then created after false discovery rate (FDR) p-value correction
using the Benjamini and Hochberg method (Benjamini and Hochberg, 1995). Further
functional analysis was conducted using Ingenuity Pathway Analysis (IPA, Redwood

City, CA).

Co-Immunoprecipitation of 6H-Flag-zfSULT4Al

Adding the Flag Tag

Primers were designed to amplify the zfSULT4A1 coding region with an addi-
tional Flag peptide tag (sequence: DYKDDDDK) on the carboxy terminus of the protein
(forward: TCTTATCGATCGCATGGACTACAAGGACGACGATGACAAGGCG-
GAAAGCGAGGTGGACAC, reverse: ACTACTCGAGCTGCTTTACAGGATAAA
GTC). Using these primers, the zZfFSULT4AL coding region was amplified from zebrafish
retina cDNA using Platinum Taq (Life Technologies) in four separate 25 pL PCR reac-

tions. All four reactions were combined and concentrated to 7 pL using a DNA Clean &
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Concentrator™ kit (Zymo Research, Irvine, CA). The concentrated PCR product was
then blunted and ligated into pJET1.2 blunt cloning vector using a CloneJET™ PCR
Cloning Kit (Fermentas, Carlsbad, CA). Following the ligation reaction, all 20 pL were
transformed into Z-Competent™ E. coli (Zymo Research) and plated on Luria-Bertani
(LB) Agar plates containing 0.1 mg/mL ampicillin. Following overnight incubation,
DNA was isolated from bacteria colonies and sequenced in the Heflin sequencing core at
UAB. A colony containing the correct Flag-tagged zfSULT4AL coding region was se-

lected and cultured, and mini preps of plasmid DNA were prepared from the culture.

Preparing the Flag-zfSULT4A1 Construct for Cloning into pPROEX Plasmid

The plasmid solutions containing Flag-tagged zfSULT4A1 were used as template
DNA in Platinum Taq PCR reactions using primers designed to add an upstream Ncol
restriction site as well as a downstream Hindlll restriction site to the Flag-zfSULT4Al
insert (forward: TCGCATCCATGGACTACAAGGACGACGAT, reverse: ATCCCAA-
GCTTGGCTC GAGCTGCTTTACAGG). The PCR product was concentrated using a
DNA Clean & Concentrator™ kit, and the concentrated PCR product was then blunted
and ligated into pJET1.2 blunt cloning vector using a CloneJET™ PCR Cloning Kit. The
product of this ligation reaction was transformed into Z-Competent™ E. coli (Zymo Re-
search) and plated on LB Agar plates containing 0.1 mg/mL ampicillin. Following over-
night incubation, DNA was isolated from bacteria colonies and sequenced in the UAB
Heflin sequencing core. A colony containing the correct Flag-tagged zfSULT4AL1 coding

region was selected and cultured, and plasmid DNA was isolated from the culture.
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Ligation of Flag-zfSULT4Al Construct into pPROEX Plasmid and Expression in BL21
E.coli

The plasmid solution containing Flag-tagged zfSULT4A1 with the correct re-
striction sites was digested using the restriction enzymes Ncol and Hindlll and then ligat-
ed into the pPROEX expression vector. The product of this ligation reaction was then
transformed into BL21 competent E.coli and plated on LB Agar plates containing 0.1
mg/mL ampicillin. Following overnight incubation, DNA was isolated from bacteria col-
onies and sequenced in the UAB Heflin sequencing core to verify correct sequence. The
6His-Flag-zfSULT4A1 construct encoded the 284 AA zfSULT4A1 protein with an N-
terminal Flag-tag and a 6-histidine (6His) tag separated from the rest of the protein by a

tobacco etch virus (TEV) protease cleavage site.

Purifying 6His-Flag-zfSULT4A1

BL21 E.coli carrying the 6His-Flag-zfSULT4A1 construct was grown in LB broth
medium at 37°C to an Aggo of 0.5 with 100 pg/ml ampicillin and 33 pg/ml chlorampheni-
col. Isopropyl B-D-thiogalactoside (IPTG) was then added to the culture at a final concen-
tration of 0.3 mM to induce expression of the 6His-Flag-zfSULT4A1 protein. Cells were
incubated for another 4 h with agitation at 37°C, then cell cultures were transferred to 500
mL plastic bottles and centrifuged for 30 min at 2,300xg. LB broth supernate was de-
canted, and cell pellets were resuspended in Ni column wash buffer (10 mM NaPO,, 10%
glycerol, 10 mM imidazole, 10 mM B-ME, 300 mM NacCl, pH 8.0) with 0.5 mM phenyl-

methanesulfonylfluoride (PMSF). To rupture cell membranes, cells were sonicated 6
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times for 15 s with 30 s cooling on ice between each sonication. Cell lysate was then cen-
trifuged for 15 min at 10,000xg at 4°C. The supernate was then passed over a HisPur™
Ni-NTA column (Fisher Scientific) at a rate of 1 mL/min. The column was washed with
15 bed volumes of Ni column wash buffer, and then protein was eluted with wash buffer
containing 300 mM imidazole. The protein eluent was dialyzed against wash buffer con-

taining 10 mM imidazole to remove excess imidazole.

Pulldown Phase 1 (Ni** Affinity)

Lysate was collected from adult zebrafish brain tissue, and protein concentration
was determined to be 2.6 mg/mL by Bradford analysis. The zebrafish brain lysate was
divided into two 3.5 mL samples named pulldown and control. A total of 200 pg 6H-
Flag-zfSSULT4A1 was added to the pulldown sample but not the control. Because of the
relative abundance of exposed cysteine residues on the surface of SULT4A1, it was be-
lieved that an interaction between SULT4A1 and its purported binding partner could very
likely involve disulfide bonding with these cysteine residues. With this possibility in
mind, we endeavored to first break the putative disulfide bonds between endogenous
SULT4A1 and its alleged binding partner by addition of 0.7 uL. f-ME to both the control
and pulldown samples. To then remove the -ME and allow disulfide bonding to occur
between the recombinant SULT4A1 bait protein and endogenous prey protein, both con-
trol and pulldown samples were then loaded onto 10 mL bed volume G-25 sephadex col-
umns and spun at 1600 xg for 4 min. Effluent was collected, and samples were incubated
with gentle agitation at 4°C for 1 h to allow binding of bait and prey protein. A volume of

100 pL Ni-NTA resin was added to each sample, and samples were incubated for 1 more
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h. Control and pulldown slurries were loaded onto fresh Ni-NTA columns and washed
with 15 bed volumes of Ni-NTA wash buffer without B-ME. Each sample was eluted
with 1 mL Ni-NTA wash buffer with 200 mM imidazole and no B-ME.
A volume of 1 uL TEV protease was added to each sample, and samples were incubated

overnight rocking at 4°C.

Pulldown Phase 2 (Flag Affinity Matrix Purification)

A 200 pL aliquot of ANTI-FLAG M2® Affinity Gel was added to both the pull-
down and control samples. Samples were incubated at 4°C for 2 h with gentle agitation.
Samples were then centrifuged for 30s at 8,200 xg. Supernate was aspirated, and samples
were gently resuspended in 1 mL TBS and centrifuged again for 30s at 8,200 xg. Samples
were washed twice more in TBS. A solution of 3X FLAG® Peptide (Sigma, St. Louis,
MO) was prepared to a final concentration of 150 ng/pL, and 0.5 mL of this solution was
added to both the control and pulldown samples. Samples were incubated for 30 min at
4°C with gentle agitation and then centrifuged for 30s at 8,200 xg. The supernatant frac-
tions were transferred to fresh microcentrifuge tubes and concentrated down to 30 pL us-

ing Amicon 10 microconcentrators (EMD Millipore, Darmstadt, Germany).

SDS Gel Separation and MS/MS Analysis

Each sample was loaded onto 10% acrylamide gel and run until the dye reached
the bottom of the gel. Gels were stained with SYPRO® Ruby Protein Gel Stain (Life
Technologies). Mass spectrometry analysis was performed at the UAB Comprehensive

Cancer Center Mass Spectrometry/Proteomics Shared Facility. Gel lanes corresponding
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to control and pulldown samples were excised and equilibrated in 200 mM ammonium
bicarbonate (AmBc). Gel slices were reduced, carbidomethylated, dehydrated, and di-
gested with Trypsin Gold (Promega) as per manufacturers’ instructions. Following diges-
tion, peptides were extracted, concentrated under vacuum, and resolubilized in 0.1% for-
mic acid prior to analysis by 1D reverse phase LC-ESI-MS2 as outlined below.

Peptide digests were injected (in duplicate) onto a Surveyor HPLC plus (Thermo
Scientific) using a split flow configuration on the back end of a 100 micron 1.D. x 13 cm
pulled tip C-18 column (Jupiter C-18 300 A, 5 micron, Phenomenex). This system runs
in-line with a Thermo Orbitrap Velos Pro hybrid mass spectrometer, equipped with a
nano-electrospray source (Thermo Scientific, San Jose CA), and all data were collected in
CID mode. Peptide fractions were directly sprayed into the mass spectrometer over a 90
minute gradient set to increase from 0%-30% acetonitrile in D.l. H20 containing 0.1%
formic acid and with a flow rate of 0.3ul/min. Following each parent ion scan, fragmenta-
tion data were collected on the top most intense 18 ions. Prior to and following the analy-
sis window, the spray voltage was set to 0.0kV and the flow rate was set at 3ul/min. Dur-
ing data collection, the instrument was configured as follows: spray voltage 1.9kV, capil-
lary temperature 170°C, 1 microscan with a maximum inject time of 25ms for all modes.
The fragmentation scans were obtained at 60K resolution with a minimum signal thresh-
old of 2000 counts. The activation settings were set to charge state 3, isolation width
2.0m/z, normalized collision energy 30.0, activation Q 0.250, and activation time 25ms.
For the dependent scans, charge state screening was enabled, and the dynamic exclusion
was enabled with the following settings: repeat count 2, repeat duration 15.0s, exclusion

list size 500, and exclusion duration 60.0s.
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The XCalibur RAW files were collected in profile mode, centroided and convert-
ed to MzXML using ReAdW v. 3.5.1. The mgf files were then created using
MzXML2Search (included in TPP v. 3.5) for all scans with a precursor mass between
350Da and 2,000Da. The data was searched using SEQUEST, which was set for three
maximum missed cleavages, a precursor mass window of 20ppm, trypsin digestion, vari-
able modification C at 57.0293, and M at 15.9949. For the fragment-ion mass tolerance,
0.0Da was used. Searches were performed with a species specific subset of the
UniRef100 database, which included common contaminants such as digestion enzymes
and human keratin, in addition to sequences specific to these experiments.

A list of peptide IDs were generated based on SEQUEST search results, which
were filtered using Scaffold (Protein Sciences). Scaffold was applied in order to filter and
group all of the matching peptides to generate and retain only high confidence IDs while
also generating normalized spectral counts (SC) across all samples for the purpose of rel-
ative quantification. The filter cut-off values were set with peptide length (>5 AA’s), no
peptides with a MH+1 charge state were included, peptide probabilities were calculated
and set to >90% C.I., with the number of peptides per protein set at 2 or more, and pro-
tein probabilities were set to >97% C.I., which all combined results in a list of protein
IDs with >99% confidence. Scaffold incorporates the two most common methods for sta-
tistical validation of large proteome datasets, the false discovery rate (FDR) and protein

probability (Keller et al., 2002; Nesvizhskii et al., 2003; Weatherly et al., 2005).
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DNA Gel Electrophoresis
Agarose gels (10%) were used for DNA electrophoresis. A total of 6 g agarose
(Denville Scientific, Holliston, MA) was dissolved in 60 mL TAE buffer (0.48% Tris
base, 0.114% glacial acetic acid, .001 M EDTA, pH 8) with one drop of concentrated eth-
idium bromide (Sigma). Gels were cast, and DNA samples were loaded into this gel and

run at 80 V to separate DNA. DNA bands were visualized under ultraviolet light.

Immunohistochemistry of SULT4A1 in Rat Retinas

Preparing Eye Sections

Eyes were enucleated from euthanized adult Sprague-Dawley rats and placed into
ice-cold 2% paraformaldehyde fixative (0.1 M NaHPOQO4, 2% paraformaldehyde, pH 7.0).
After 10 min, extraocular tissue was trimmed and cornea was removed. Eyes were placed
back into the fixative solution and incubated overnight at 4°C. Eyes were placed into 0.1
M phosphate buffer (0.1 M NaHPO,) for 1 h, then transferred to a 30% sucrose solution
(0.1 M NaHPOQOy, 0.88 M Sucrose). Eyes were left in the sucrose solution until they sank
(~5 h). Eyes were then transferred into a cyrosection mold filled with HistoPrep™ Em-
bedding Media (Fisher Scientific) and were allowed to infiltrate with embedding media
for 1 h. After 1 h, eyes were oriented in the cyrosection mold and frozen at -20°C. Using

a Leica CM3000 cryostat, 10 um sections were sliced from the center of the eye.

Staining Eye Sections
Primary antibody used in this experiment was goat a:hSULT4A1 pAb (R&D Sys-

tems). Secondary antibody used was Alexa Fluor® 488 donkey a:goat IgG (Invitrogen).
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Tissue slides were placed in a solution of acetone for 3 min to dissolve embedding media.
Slides were removed from acetone and placed on a 50°C slide warmer for 1 h. A Pap Pen
liquid blocker was used to draw an oval around the sections on each slide. A volume of
0.3 mL of blocking solution (20% donkey serum in PBS) was applied to each section and
incubated for 1 h. Blocking solution was removed, and primary antibody solution (1:20
dilution in 2% donkey serum/PBS) was applied to the slides for 5 h. Primary antibody
solution was removed, and slides were washed 3 times for 5 min in 2% donkey se-
rum/PBS. After the third wash, secondary antibody solution (1:200 dilution in 2% donkey
serum/PBS) was applied to the slides. Slides were incubated for 1 h. Slides were washed
3 times as before, and a 4',6-diamidino-2-phenylindole (DAPI) solution (1:1000 dilution
in PBS) was applied to each slide. Slides were incubated at room temperature for 5 min
and then rinsed 3 times in PBS. Cover slips were applied to the slides using Aqua
Poly/Mount (Polysciences, Inc., Warrington, PA), and slides were held at 4°C until ready

to be viewed. Slides were viewed on a Zeiss Axioplan 2 Imaging microscope.

Production of pAb to zfSULT4A1
Several antibodies against \NSULT4A1 are commercially available. However these
antibodies exhibit substantial non-specific cross-reactivity when used on zebrafish pro-
tein samples. For this reason, it was undertaken to generate an antibody specific to
zfSULT4AL. A glycerol blot of E.coli strain XL1-Blue containing a plasmid encoding
zfSULT4AL was used for expression. The pMAL expression vector used applied a malt-
ose-binding protein (MBP) to N-terminus of the protein separated by a factor Xa endo-

peptidase recognition site. The glycerol blot was used to inoculate 1 L of LB broth con-
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taining the appropriate antibodies. Culture was incubated in an orbital shaker at 37°C un-
til it reached an Agoo Of 0.411. IPTG was then added to the culture at a final concentration
of 0.3 mM to induce expression of the MBP-zfSULT4AL protein. Cells were incubated
for another 4 h under agitation at 37°C, then cell cultures were centrifuged for 20 min at
4,000xg. LB broth was decanted, and cells were resuspended in 20 mL amylose column
buffer (20 mM Tris-Cl, 200 mM NaCl, 1 mM EDTA) with 0.5 mM PMSF. Cells were
sonicated 6 times for 15 s with 30 s cooling on ice between sonication pulses. Cells were
centrifuged at 10,000xg and 4°C for 15 min. Supernate was decanted and diluted 1:5 in
amylose column buffer without PMSF, then run through a 3 mL column of amylose resin
(New England Biolabs, Ipswich, MA) at a rate of 1 mL/min. Column was washed with 10
bed volumes of amylose column buffer, and protein was then eluted with column buffer
containing 10 mM maltose. Fractions were collected every 1 mL, and relative protein
concentrations of these fractions were determined by protein gel electrophoresis and
coomassie staining. Fractions containing high concentrations of protein of the appropriate
molecular size were pooled. Combined fractions were analyzed by Bradford analysis, and
protein concentration was calculated to be 7.9 mg/mL. Purified protein was dialyzed
against amylose column buffer without maltose. Spin-X® Centrifugal Concentrators
(Corning Inc., Corning, NY) were used to concentrate protein down to 2 mL. Protein
sample was loaded onto 8 separate 10% acrylamide gels and run at 100v to separate MBP
from zfSULT4AL. Gels were lightly stained with coomassie, and 35 kDa bands were ex-
cised and combined. zfSULT4A1 was purified from gel bands by electro-elution using a
Model 422 Electro-Eluter (Bio-Rad). The eluent fraction was concentrated to 2 mL using

Amicon 10 microconcentrators, and protein purity was confirmed by acrylamide gel elec-
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trophoresis and coomassie staining. Protein concentration for the purified sample was as-
sessed by Bradford analysis to be ~ 0.5 mg/mL. To remove SDS from protein solution, 8
mL (4 volumes) of -20°C acetone was added to the protein solution, and solution was in-
cubated for 2 h at -20°C. Sample was then centrifuged at 15,000 xg and -10°C for 10 min,
and pellet was resuspended in 2 mL PBS. Protein sample was sent to Pacific Immunology

(Ramona, CA) inoculation of a goat and antibody production.

Gel Filtration Chromatography of zfSSULT4A1

The SULTSs exist in vivo as homodimers (Petrotchenko et al., 2001; Weitzner et
al., 2009). To determine if SULT4AL also forms dimers, recombinant SULT4A1 was
subjected to size exclusion chromatography. A 1m (length) x 16mm (diameter) Pharma-
cia column was packed with Pharmacia Sephadex G-100 resin (Sigma). Column was en-
closed and connected to the Pharmacia AKTA-FPLC. A volume of 400 mL of enzyme
buffer was pumped through the column at a rate of 0.4 mL/min to equilibrate the column.
Using the same flow rate, Bio-Rad Gel Filtration Standards were injected onto the col-
umn according to manufacturer’s protocol. The standards were monitored to ensure ade-
quate separation and resolution. A UV-vis detection system was used to determine the
peak elution time of each standard protein. Column was equilibrated with Ni-NTA wash
buffer, and 1 mg of purified 6H-Flag-zfSULT4A1 was injected onto the column in the
same manner as with the standards. Fractions were collected every 1 mL, starting the col-
lection as the void volume was exiting the column. A UV-vis detector was used to assay
the Asgs of each fraction, and these data points were compared to the standard curve data

to determine molecular weight (MW) of eluted protein.
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Generation of SULT4A1 Mutant Zebrafish Using TALENSs
TALEN Target Site Selection and Assembly
In order to generate heritable mutations in the SULT4A1 gene of zebrafish,
TALENSs were designed to target the zebrafish SULT4Al gene. SULT4A1 gene exon
sequences (GenBank Accession number: NP_001035334) were analyzed for potential
TALEN targeting sites using the Old TALEN Targeter program at https://tale-

nt.cac.cornell.edu/node/add/talen-old (Cermak et al., 2011; Doyle et al., 2012; Thomas

et al., 2014). TALEN targeting sites within the second exon were chosen with the follow-
ing parameters: Left target sequence: ATTGATGAGCAGCTTCCAGT; Left repeat ar-
ray sequence: NI, NG, NG, NN, NI, NG, NN, NI, NN, HD, NI, NN, HD, NG, NG, HD,
HD, NI, NN, NG; Right target sequence: AGCCGGGATTGGAGATTATCC; Right re-
peat array sequence: NN, NN, NI, NG, NI, NI, NG, HD, NG, HD, HD, NI, NI, NG, HD,
HD, HD, NN, NN, HD; spacer length: 14 nucleotides (Figure 9). Target sequences were
analyzed via BLAST to ensure that no identical sequences exist in the zebrafish genome.
The Golden Gate TALEN and TAL Effector Kit 2.0 was purchased from Addgene (Cam-
bridge, MA), and TALE repeats were assembled as previously described in the Addgene
protocol (Cermak et al., 2011). Briefly, the TALENSs were constructed by combining the
desired TAL repeat plasmids and performing several cycles of digestion and ligation.
These recombined vectors were transformed into Machl chemically competent cells (Life
Technologies) to obtain plasmids that could then be digested and ligated into TALEN
expression vectors pCS2TAL3DD and pCS2TAL3RR (Dahlem et al., 2012). These

plasmids contained the Tal constant region, golden gate cloning region and the left or


https://tale-nt.cac.cornell.edu/node/add/talen-old
https://tale-nt.cac.cornell.edu/node/add/talen-old
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Exon3 Exon5
Exon 1 Exon2 Exon4 Exon 6 Exon 7

[ i i -

ATTGATGAGCAGCTTCCAGTGCTGGAATACCCACAGCCGGGATTGGAGATTATCC
Left target sequence Right target sequence

Figure 9: Schematic of the zebrafish SULT4A1 gene. Exons depicted as thick bars.
Left and right TALEN target sequences within the second exon are underlined. Exon 1:
318 bp. Exon 2: 131 bp. Exon 3: 81 bp. Exon 4: 127 bp. Exon 5: 95 bp. Exon 6: 139 bp.
Exon 7: 1,978 bp. Intron 1: 5,379 bp. Intron 2: 76 bp. Intron 3: 679 bp. Intron 4: 79 bp.
Intron 5: 1,577 bp. Intron 6: 2,953 bp.

Note: From “Activity Suppression Behavior Phenotype in SULT4A1 Frameshift Mutant
Zebrafish” by F. Crittenden, H. Thomas, J. M. Parant, an C. N. Falany, 2014, Drug Me-
tabolism and Disposition, 43, p. 1037. Copyright 2015 by The American Society for
Pharmacology and Experimental Therapeutics. Reprinted with permission.
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right subunit of the Fokl obligate heterodimer enzyme. Golden gate cloned plasmids
were used for mRNA synthesis. TALEN mRNA was transcribed using the mMessage
mMachine SP6 kit (Life Technologies) and purified using the RNeasy Kit (Qiagen, Ven-
lo, Netherlands). RNA concentrations were quantified using a NanoDrop® ND-1000

spectrophotometer.

Microinjection of Zebrafish Embryos

AB strain one-cell stage embryos were collected from natural breedings, and
TALEN mRNA was injected into the yolk of the embryos using a regulated air-pressure
micro-injector (Harvard Apparatus, NY, model PL1-90). For TALEN mRNA injections,
equal amounts of the Left and Right mMRNAs were mixed to a final concentration of 100

ng/pL and injected at a volume of 0.5 nl into each embryo.

Extraction of Genomic DNA From TALEN Injected Embryos and Adult Mutant Zebrafish

TALEN injected embryos were placed into individual wells of a 96 well plate
containing a solution of 95% embryo lysis buffer (ELB) (10 mM TRIS pH 8.3, 50 mM
KCI, 0.3% Tween 20, 0.3% NP40) and 0.05 mg/ml proteinase K (Fisher Scientific). Em-
bryos were incubated at 55° C overnight and the proteinase K then inactivated by incuba-
tion at 95° C for 10 min. The resultant solution was centrifuged at 2000xg for 1 min and
used for subsequent high resolution melting analysis (HRMA). For extraction of DNA

from adult fish, tail clippings were used in lieu of whole embryos.
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Identification and Verification of SULT4A1 Mutant Zebrafish Lines

MRNA for the left and right TALENs was generated in vitro and injected into
type AB zebrafish larvae at the one cell stage. This founder generation (FO) was raised to
adulthood and screened for the presence of SULT4A1 mutations by HRMA (Parant et al.,
2009; Dahlem et al., 2012; Thomas et al., 2014). Mutants in this founder generation
were chimeric with the potential for multiple mutations. In order to isolate singular muta-
tions, FO fish were crossed with WT fish and the progeny (F1) were raised to adulthood
and screened for SULT4A1 mutations by HRMA (Figure 10). SULT4A1 gene sequenc-
ing of these heterozygous F1 fish revealed two independent mutations. One mutation
consisted of a 15 base pair (bp) deletion resulting in the removal of 5 AAs from within
the putative substrate binding pocket of the protein (SULT4A1%") (Figure 11). The other
mutation consisted of an 8 bp deletion at the TALEN targeting site (SULT4A1%%). Dele-
tion of these 8 nucleotides results in a frameshift at AA 89 and premature stop codon af-
ter 132 AA (Figure 12). Immunoblot analysis of brain lysate from WT, SULT4A1215/215)
and SULT4A1°¥/*8 fish using a pAb to human SULT4A1 (Proteintech, Chicago, IL) re-
vealed an immunoreactive band with a MW of roughly 34 kDa. This band ran at a lower
MW in the SULT4A1%"%% prain lysate and was undetectable in SULT4A1%%28 |ysate

(Figure 13).

High Resolution Melting Analysis
In order to genotype fish, high resolution melting analysis (HRMA) was per-
formed as described previously using digested embryos or tail clippings as the source of

template DNA (Parant et al., 2009). Each 10 pl reaction contained 1 pl LC Green® Plus
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Figure 10: SULT4A1*5A15 and SULT4A1*¥*® screening by HRMA analysis. (A) WT
and SULT4A1%15215 DNA showed a T, difference of 1.5° C. (B) WT and SULT4A12%48
DNA showed a T, difference of 0.6° C. Al5 primers (forward: 5’- ATGA-
GATCGGGCTCATGAAT; reverse: 5°- TGCGATATGCATGTGATAAAGA). A8 pri-
mers (forward: 5’-TTGATGAGCAGCTTCCAGTG; reverse: 5’-
TAATCTCCAATCCCGGCTGT).

Note: Adapted from “Activity Suppression Behavior Phenotype in SULT4A1 Frameshift
Mutant Zebrafish” by F. Crittenden, H. Thomas, J. M. Parant, an C. N. Falany, 2014,
Drug Metabolism and Disposition, 43, p. 1037. Copyright 2015 by The American Society
for Pharmacology and Experimental Therapeutics. Reprinted with permission.
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WT: ATTGATGAGCAGCTTCCAGTGCTGGAATACCCACAGCCGGGATTGGAGATTATCC

Al5: ATTGATGAGCAGCTTCCAGTIGCTGG-——==m==—=—=—==—= GATTGGAGATTATCC
B
SULT4A1"! . MAESEVDTPSTPIEYESKYFEHHGVRLPPFCRGKMDEIANFSLRSSDIWI
SULT4A1*° : MAESEVDTPSTPIEYESKYFEHHGVRLPPFCRGKMDEIANFSLRSSDIWI
SULT4A1%! . VIYPKSGTSLLOEVVYLVSQGADPDEIGLMNIDEQLPVLEYPQPGLEIIQ
SULT4A1™" ; VTYPKSGTSLLOEVVYLVSQGADPDEIGLMNIDEQLPVL,————— GLEIIQ
SULT4A1"™ . ELTSPRLIKSHLPYRFLPSAMHNGEGKVIYMARNPKDLVVSYYQFHRSLR
SULT4A1*° ; ELTSPRLIKSHLPYRFLPSAMHNGEGKVIYMARNPKDLVVSYYQFHRSLR
SULT4A1" . TMSYRGTFQEFCRRFMNDKLGYGSWFEHVQEFWEHRMDSNVLFLKYEDMY
SULT4A1%" : TMSYRGTFQEFCRRFMNDKLGYGSWFEHVQEFWEHRMDSNVLEFLKYEDMY

SULT4A1" . KDLGTLVEQLARFLGVSCDKAQLESLVESSNOLIEQCCNSEALSICRGRY
SULT4A1%'° ; KDLGTLVEQLARFLGVSCDKAQLESLVESSNQLIEQCCNSEALS ICRGRV

SULT4A1" . GLWKDVEFTVSMNEKFDAIYRQKMAKSDLTFDFIL 284
SULT4A1ML: GLWKDVFTVSMNEKFDAIYRQKMAKSDLTEFDFIL 279

Figure 11: SULT4A1*"® mutation. (A) WT and SULT4A1A""> DNA sequence at muta-
tion site. Left and right TALEN target sequences are underlined. Dashes represent single
nucleotide deletions. (B) WT and mutant SULT4A1%"° protein sequence alignment. Un-

derlined sequence indicates divergence of SULT4A1A™ sequence from WT.
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WT: ATTGATGAGCAGCTTCCAGTGCTGGAATACCCACAGCCGGGATTGGAGATTATCC
A8 : ATTGATGAGCAGCTTCCAGTGC-—--—-——- CCACAGCCGGGATTGGAGATTATCC

SULT4A1": MAESEVDTPSTPIEYESKYFEHHGVRLPPFCRGKMDEIANFSLRSSDIWI 50
SULT4A1"": MAESEVDTPSTPIEYESKYFEHHGVRLPPFCRGKMDEIANFSLRSSDIWI 50

SULT4A1@E VTYPKSGTSLLQEVVYLVSQGADPDEIGLMNIDEQLPVLEYPQPGLEIIQ 100
SULT4A1%": VTYPKSGTSLLQOEVVYLVSQGADPDEIGLMNIDEQLPVPTAGIGDYPGTD 100

SULT4A1": ELTSPRLIKSHLPYRFLPSAMHNGEGKVIYMARNPKDLVVSYYQFHRSLR 150
SULT4A1"": IASSDQKPPAVPFSAISHAQWRRQGDLYGEEP*——————————— e 182

SULT4A1": TMSYRGTFQEFCRRFMNDKLGYGSWFEHVQEFWEHRMDSNVLFLKYEDMY 200
SULTAAL : m oo s o - 182

SULT4A1"™: NSKDLGTLVEQLARFLGVSCDKAQLESLVESSNQLIEQCCEALSICRGRV 250
SULTARL Y m e s e e e e e e e e 182

SULT4A1"": GLWKDVFTVSMNEKFDAIYRQKMAKSDLTFDFIL* 284
SULT4AL™: —mm oo m e 182

Figure 12: SULT4A1* mutation. (A) WT and SULT4A1A® DNA sequence at muta-
tion site. Left and right TALEN target sequences are underlined. Dashes represent single
nucleotide deletions. (B) WT and mutant SULT4A1* protein sequence alignment. Un-
derlined sequence indicates divergence of SULT4A1A® sequence from WT. Asterisks
indicate a stop codon.

Note: From “Activity Suppression Behavior Phenotype in SULT4A1 Frameshift Mutant
Zebrafish” by F. Crittenden, H. Thomas, J. M. Parant, an C. N. Falany, 2014, Drug Me-
tabolism and Disposition, 43, p. 1037. Copyright 2015 by The American Society for
Pharmacology and Experimental Therapeutics. Reprinted with permission.
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WT WT Al5 AlS A8 A8

37 kDa »»>

AI5/A15
1 :

Figure 13: Immunoblot analysis of brain lysate from WT, SULT4A and
SULT4A1*¥*® fish. Lysate was collected from the brains of 2 fish of each genotype. Fish
were 6 mo old at time of sacrifice. Protein concentration was determined by Bradford
analysis, and 86 pg protein from each sample was loaded onto a 10% acrylamide gel.
Primary Ab was a rabbit a: hNSULT4A1 pAb (Proteintech), 1:1000 dilution with a 2 h in-
cubation. Secondary Ab was a horse-radish peroxidase (HRP)-conjugated goat o: rabbit
Ab (Southern Biotech), 1:8000 dilution with a 1 h incubation. Blot was developed with
SuperSignal™ West Pico Chemiluminescent Substrate (Life Technologies).
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(BioFire Diagnostics, Inc; Salt Lake City, UT), 0.05 ul Ex Taq (TaKaRa; Otsu, Japan), 1
pl Ex Taq buffer, 0.4 mM dNTP (0.1 mM each), 0.1 uM forward primer, 0.1 puM reverse
primer, and 1 pl DNA template. For screening of individual chimeric fish, the following
primers were used: Forward (5’-ATGAGATCGGGCTCATGAAT) and Reverse (5°-
TGCGATATGCATGTGATAAAGA). For screening of SULT4A1%%** individuals, the
following primers designed to sequences closer to the mutation site were used: Forward
(5>-TTGATGAGCAGCTTCCAGTG) and Reverse (5’-TAATCTCCAATCCCGGC-
TGT). Reaction solutions were covered with 20 pl mineral oil, and reactions were carried
out in 96 well plates. After 40 PCR cycles (98°C for 10s, 59°C for 20s, 72°C for 15s), the
reactions were heated to 95°C for 10 s and then cooled to 4°C. Plates were analyzed for

HRMA using an HR-1 96 LightScanner™ (Idaho Technology, Inc, Salt Lake City, UT).

Dynamic Modeling of SULT4A1%"> Mutant Protein

The crystal structure of SULT4A1 (pdb: 1ZD1) was imported into MOE. Using
the homology model function, the cofactor-absent (open) SULT2AL1 crystal structure
(PDBID 1J99) was used as a template to fill in loop regions lacking resolution in the
SULT4A1L crystal structure. After partial charges were calculated and corrected, these
loop regions were guided into place using the Amber99 forcefield and energy minimiza-
tion. The protein model was then protonated assuming an environment of pH 7.4. To cre-
ate mutant isoforms, existing residue side chains were replaced or complete residues were
removed, the peptide backbone reconnected, and the resulting structure was energy min-
imized. A water sphere (150 mM NaCl) was created around the protein with a 12 A buff-

er region between the protein and the outermost edge of the sphere. Using the Nose-
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Poincare-Anderson Hamiltonian equations of motion and wrapped waters, the system
was equilibrated to a temperature of 310K over 100 ps followed by a 5 ns productive
simulation at 310K. The resulting frames from 5 ns productive simulation were analyzed

for structural differences from native SULT4AL1.

Behavioral Analysis in Zebrafish

All behavioral tests were carried out between the h of 10:00 am and 2:00 pm un-
less stated otherwise. The water used in each apparatus was taken directly from the home
aquaria system in which the fish had been housed and was changed between each trial.
Each behavioral test was performed on a separate cohort of naive fish between 6 and 8
mo of age unless stated otherwise. Adult test cohorts were an equal mix of males and fe-
males. Videos were recorded using an Ultra 720+ Resolution DSP True Day/Night Color
Camera (EverFocus®, Taipei, Taiwan) with near infrared recording abilities and ana-
lyzed using EthoVision XT (Noldus, Wageningen, The Netherlands) to track fish move-
ment and activity levels. Genetically WT siblings of the SULT4A1*® fish being tested

were used as controls in each behavioral test.

Larval Visual-Motor Response

The visual-motor response (VMR) is a reflex in zebrafish whereby abrupt chang-
es in light intensity are followed by rapid movement by the fish or larvae. In zebrafish,
this behavior can be observed as early as 70 hpf and lasts throughout adulthood (Easter
and Nicola, 1996; Emran et al., 2008). Because of the up-regulation of cone phototrans-

duction proteins observed in SULT4A1 KD zebrafish larvae, it was hypothesized that the
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KD larvae may have impaired vision and therefore a suppressed or delayed VMR as well.
To test this hypothesis, we designed and built a zebrafish larvae light startle assay con-
traption (ZELLSAC) (Figure 14). The light source for the ZELLSAC was a Model 20520
Fiber Optic Light Source (Fostec, Inc., Siheung, South Korea). The fiber optic cables
were detached from the light source and positioned 0.5 cm away so that light could still
pass through, but a thin metal divider could also be placed between the light source and
the fiber optic cables to effectively turn off the light entering the hood. A divider was
used instead of simply switching off the light source because the latter method necessitat-
ed turning a knob to dim and subsequently turn off the light. The result of turning off the
light in this manner was a slow dimming within the apparatus rather than the desired ab-
rupt darkness. Using a divider to block the light also allowed the knob to remain in one
position, meaning that the same light intensity could be maintained throughout the exper-
iment. The lenses from the tips of the fiber optic cables were removed so that the light
emanating from them was a point source rather than a focused beam. Two holes were
drilled into opposite sides of the hood from an Electrophoresis Documentation and Anal-
ysis System 120 (Kodak), and the ends of the fiber optic cables were positioned within
these holes. The inside of the hood was lined with white paper to reflect light from the
cables and create a uniform illumination within the hood. All experiments using the
ZELLSAC were recorded from a PowerShot A560 camera (Canon, Tokyo, Japan)
mounted on top of the hood.

Embryos for VMR assays were collected from natural matings of AB strain
zebrafish and injected at the one or two cell stage with either SULT4A1 MO or SCM.

Larvae were held in E3 Blue (5 mM NacCl, 0.17 mM KCI, 0.33 mM CacCl,, 0.33 mM
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Figure 14: Zebrafish Larvae Light Startle Assay Contraption (ZELLSAC). (A)
Light source. (B) Fiber optic cables. (C) Hood. (D) Camera mount.
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MgSO., 10°% methylene blue) at 25°C under a 14 h/10 h light/dark cycle until time of
testing. Care was taken to ensure that time of fertilization was accurately recorded for all
embryos with a precision of < 15 min. KD and SCM larvae were assayed for VMR ac-
cording to the following protocol: one h prior to time of testing, one larva was transferred
via pipet into each well of a 96 well plate. KD and SCM larvae were arranged on the
plate in a checkerboard pattern so that there was an equal distribution of KD and SCM
larvae on each plate. Each well was topped off with E3 Blue so that the liquid was flush
with the top of the plate. The plate was then placed back into the incubator until time of
assay. At the time of assay, the plate was removed from the incubator and placed under-
neath the ZELLSAC hood with the light on. The plate was arranged in the center of the
camera’s field of view, and the camera was zoomed in as far as possible without exclud-
ing any of the plate. The automatic ISO function on the camera was overridden to prevent
aperture adjustment in response to light intensity changes. All VMR assays were con-
ducted at an illuminance of 375 Ix. After five min of acclimation in the testing apparatus,
the test plate was exposed to five light interruption stimuli spaced 30 s apart. Stimuli
were introduced by manually sliding a metal plate between the light source and the fiber
optic cables for a period of one s. Individual larvae were scored as responsive if they
showed any swimming movement within 2 s of the end of any one of the five light inter-

ruption stimuli.

Novel Tank Test
A standard novel tank test was used as a means to gauge stress and anxiety levels

as well as locomotion in a novel tank environment (Levin et al., 2007; Bencan et al.,
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2009; Egan et al., 2009). For this experiment, the novel tank used was a narrow 1.8 L
polycarbonate tank (Aquaneering, San Diego, CA) which restricted lateral movement but
allowed horizontal and vertical movement. The tank was filled with 1.4 L of water from
the same system as the home tank of the fish being tested. Test animals were moved into
the recording room 1 h prior to the beginning of testing. Fish were recorded individually
in the novel tank for a total of 6 min each using a camera positioned 60 cm away. Fish
movement was tracked over the course of the experiment, and the following endpoints
were determined: latency to enter upper half of tank, transitions to upper half, time in up-
per half, distance traveled, freezing bouts, and freezing bout duration. A freezing bout

was defined as a lack of movement lasting at least 2 s.

Social Preference Test

To examine zebrafish social behavior, a social preference test was used as previ-
ously described by Grossman et al (Grossman et al., 2010). Briefly, a clear acrylic open-
top box was constructed with the following dimensions: 50 cm (length) x 10 cm (width) x
10 cm (height). The resulting 50 cm corridor was filled with home system water and di-
vided into 5 separate, water-tight compartments through the use of 4 evenly spaced slid-
ing doors. An unfamiliar target fish was placed in the conspecific compartment at one
end of the corridor, and the compartment at the other end of the apparatus remained emp-
ty (empty compartment). To avoid lateral bias, the conspecific and empty compartments
were switched between each trial for the same cohort. After acclimating the test cohorts
to the recording room for one h, WT, SULT4A1%%15 or SULT4A1¥*® fish were intro-

duced individually into the center compartment. After a period of 30 s (to minimize han-
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dling stress), the two center dividers were gently lifted to allow the test fish to swim
freely along the 30 cm corridor comprised of the center zone, conspecific zone (adjacent
to the conspecific compartment), and empty zone (adjacent to the empty compartment).
Movement of the fish was recorded for 6 min using a camera positioned 80 cm above the
tank, and the following end points were determined: empty zone entries, conspecific zone

entries, time in empty zone, time in conspecific zone, and time in center zone.

Activity Analysis of SULT4A1 Mutant Zebrafish

On day one, a total of 4 fish (2 WT and 2 mutant fish) were transferred from their
home tanks and individually housed in 1.8 L polycarbonate tanks on an Aquaneering
model 330B stand-alone housing rack. Tanks were backlit using two 8 watt infrared (850
nm) light sources (Axton, North Salt Lake, UT). Two white, translucent, 0.4” plastic
screens were placed behind the tanks to provide a uniform background and diffuse the
infrared light. Two cameras were set up 75 cm from the tanks, with each camera set to
record two tanks: one on top and one on bottom. Fish were allowed to habituate to the
new tanks for a total of 96 h on a light/dark cycle (14 h light/10 h dark) before recordings
began. After habituation was complete, 48 h recordings were initiated at zeitgeber time
(ZT) 2. ZTO corresponds to the time at which the lights come on. In the first recording,
the two top tanks were occupied by WT fish, and the two bottom tanks were occupied by
mutant fish. In each subsequent recording, this arrangement was reversed so that there
were an equal number of videos with each arrangement. Throughout the habituation and
recording period, fish were fed twice daily at ZT2 and ZT9 with dry fish food. Tempera-

ture, pH, and conductivity of the system were maintained at 28° C, 7.4, and 1380-1450
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uS, respectively. Day time illuminance on the front surface of the tanks was measured at
430 lux.

For each single-fish 48-h trial, the arena was defined in EthoVision as the total
area enclosed by the perimeter of the tank. The activity analysis function in EthoVision
was used to determine activity levels within the arena over the course of each trial. All
inactivity bouts lasting less than 1 s were excluded from analysis. Data output from the
activity analysis was used to measure the following endpoints: mean activity (pix-
els/frame), mean activity length (s), inactive time %, inactivity bout frequency, and mean
inactivity bout length (s). Data for each endpoint were grouped into 1 h time bins, and
JTK_CYCLE analyses (Hughes et al., 2010) were performed on the activity, inactive
time percentage, inactivity bout frequency, and inactivity bout length data for each 48 h
trial to assess data rhythmicity and determine phase lag and amplitude. Period length was
set at 24 h across all data series.

Due to the extremely large size of the 48 h activity analysis videos (> 60 GB), it
became necessary to split the 48 h recordings into two consecutive 24 h recordings. For
experiments recorded in this manner, recordings were stopped at exactly 24:05:00, and

another recording was begun immediately after the end of the first.
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CHAPTER 3
RESULTS
Aim 1: Characterization of the Effects of SULT4A1 Expression Deficiency on Develop-
ment and Gene Expression in Larval and Adult Zebrafish
The SULT4A1 gene has been identified with remarkable sequence conservation
in every vertebrate investigated to date. Because of SULT4A1’s extensive conservation
among vertebrates, it was reasoned that SULT4ALl has an equally conserved and im-
portant function. It was hypothesized that inhibition of SULT4A1 expression, whether by
MO KD or by TALEN-induced gene mutation, would impair the development of larval
zebrafish or lead to changes in gene expression that could point to a possible function for
this protein. This aim was undertaken with the intention of characterizing the effects of

SULTA4AL1 expression deficiency on developing zebrafish larvae.

SULT4AL Expression in Brain and Eye of Adult Zebrafish

The zfSULT4AL gene is located on chromosome 9 and consists of 7 exons sepa-
rated by 6 introns (ZDB-GENE-060421-2705). When gqPCR was performed on cDNA
from the brain, eye, intestine, liver, and testes of adult fish using a TagMan® assay that
spans the junction of exons 2 and 3, SULT4A1 mRNA was detected in the brain, eye, and
testes (Figure 15a). The findings in the brain and eye were corroborated by conventional

PCR using primers to generate full-length SULT4A1. However, no SULT4A1 message
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Figure 15: SULT4A1 expression in adult zebrafish tissues. A. Quantitative real-time
PCR. Relative expression levels of SULT4A1 were analyzed using TagMan expression
assays for SULT4A1 (Assay ID: Dr03078008 g1) and ribosomal subunit 18s (Assay ID:
Hs99999901 sl1). Relative expression levels of SULT4Al were analyzed using the ACt
method and normalized to endogenous expression of 18s RNA. Error bars indicate stand-
ard error of the mean. Brain (2.54e-4 +/- 4.24e-5). Eye (8.45e-5 +/- 1.01e-5). Intestine
(1.75e-5 +/- 5.35e-6). Liver (7.7e-6 +/- 1.48e-6). Testes (8.69e-5 +/- 8.09¢e-6). B. Quali-
tative PCR of SULT4A1 message in adult AB zebrafish brain, eye, intestine, liver, and
testes using full-length primers (forward: 5’-atggcggaaagcgaggtgga-3°; reverse: 5°-
ctgctttacaggataaagtc-3’). A total of 30 PCR cycles were carried out under the following
conditions: denature at 94°C for 1 min, anneal at 55°C for 2 min, extension at 72°C for 3
min. DNA polymerase used was REDTAQ™ (Sigma).

Note: From “Inhibition of SULT4A1 expression induces up-regulation of phototransduc-
tion gene expression in 72-hour postfertilization zebrafish larvae” by F. Crittenden, H.
Thomas, C. M. Ethen, Z. L. Wu, D. Chen, T. M. Kraft, J. M. Parant, an C. N. Falany,
2014, Drug Metabolism and Disposition, 42, p. 947. Copyright 2014 by The American
Society for Pharmacology and Experimental Therapeutics. Reprinted with permission.
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was detected in cDNA of the testes when analyzed by conventional PCR to generate the
complete SULT4AL coding region and agarose gel separation (Figure 15b).

After establishing that full-length SULT4A1 mRNA expression occurs in the
zebrafish brain and eye, immunoblot analyses were used to demonstrate that the
SULT4AL protein is detectable in these tissues. Immunoblot analysis using a goat poly-
clonal antibody of human SULT4A1 detected a band at approximately 33 kDa in lysate
of both the brain and eye without the optic nerve (Figure 16) corresponding to

2fSULT4AL (MW = 33 kDa).

Localization of SULT4A1 Within the Retina

Having established the expression of SULT4AL within the retina, we next inves-
tigated the protein’s localization in the retina. To determine if SULT4A1 was expressed
at higher levels in the central or peripheral regions of the retina, qPCR was performed
comparing SULT4A1 expression in these different regions. No significant difference was
observed between SULT4AL expression in the central or peripheral retina (Figure 17).
Immunohistochemical analysis of SULT4AL expression was performed on rat retinas to
determine what specific cell type and layer express SULT4AL. Positive staining was ob-
served in the ganglion cell layer of these retinas, although the diffuse and uniform nature
of the staining suggested that it was not necessarily associated with the cell bodies of the

ganglion cells (Figure 18).
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Brain Eye

Figure 16: Immunoblot of zebrafish brain and eye lysate using anti-human
SULT4AL polyclonal antibody. Lysate was collected from the brains and eyes of adult
AB strain zebrafish. Protein concentration was determined by Bradford analysis, and 396
pg protein from each sample was loaded onto a 10% acrylamide gel. Primary Ab was a
goat a: h\SULT4A1 pAb (R&D Systems), 1:200 dilution with a 2.5 h incubation. Second-
ary Ab was a horse-radish peroxidase (HRP)-conjugated donkey a: goat Ab (Southern
Biotech), 1:1000 dilution with a 1 h incubation. Blot was developed with SuperSignal™
West Pico Chemiluminescent Substrate (Life Technologies).

Note: From “Inhibition of SULT4A1 expression induces up-regulation of phototransduc-
tion gene expression in 72-hour postfertilization zebrafish larvae” by F. Crittenden, H.
Thomas, C. M. Ethen, Z. L. Wu, D. Chen, T. M. Kraft, J. M. Parant, an C. N. Falany,
2014, Drug Metabolism and Disposition, 42, p. 947. Copyright 2014 by The American
Society for Pharmacology and Experimental Therapeutics. Reprinted with permission.
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Figure 17: Relative expression level of SULT4AL in central and peripheral retina of
adult AB strain zebrafish. Eyes were enucleated, and retinas were separated from eyes.
Iridectomy scissors were used to separate a portion with a diameter of roughly 1 mm
from the central retina. Relative expression levels of SULT4A1 were analyzed using
TagMan expression assays for SULT4A1 (Assay ID: Dr03078008 g1) and ribosomal
subunit 18s (Assay ID: Hs99999901 s1). Data were analyzed using the ACt method and
normalized to endogenous expression of 18s RNA. Error bars indicate standard error of
the mean. Peripheral Retina (0.61 +/- 0.19). Central Retina (1 +/- 0.12). P > 0.05.
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Figure 18: Immunohistochemical staining of adult rat retina for SULT4AL. Primary
antibody was a goat a: hSULT4A1 pAb (R&D Systems), 1:20 dilution, 5 h incubation.
Secondary antibody was donkey a: goat IgG Alexa Flour® 488 — conjugated (Life Tech-
nologies), 1:200 dilution, 1 hour incubation. Slide was counterstained with a 4',6-
diamidino-2-phenylindole (DAPI) solution (1:1000 dilution in PBS) for 5 min. Slides
were viewed on a Zeiss Axioplan 2 Imaging microscope. Abbreviations: Photoreceptors
(PRs), outer nuclear layer (ONL), outer plexiform layer (OPL), inner nuclear layer (INL),
inner plexiform layer (IPL), ganglion cells (GC).
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SULT4A1 MO Effectiveness and Lack of Toxicity

The use of MOs to block translation is a well-established technique used to selec-
tively knock down gene expression in zebrafish over the first several days of develop-
ment (Morcos, 2007; Eisen and Smith, 2008; Bill et al., 2009). To investigate the effec-
tiveness of the SULT4A1 MO as well as potential toxic effects, embryos were injected
with the MO and monitored for developmental defects and SULT4AL expression. Em-
bryos were collected from natural matings of multiple breeding pairs of AB strain
zebrafish and injected with 0.82 pmol of either the SULT4A1 MO or a standard control
MO (SCM) at the one or two cell stage. To determine the effectiveness of the MO
knockdown as well as when SULT4AL is expressed in larval zebrafish, total RNA was
isolated from pooled SCM as well as SULT4A1 MO larvae using STAT-60™ at 24 hpf,
48 hpf, 72 hpf, and 96 hpf. cDNA was generated using SuperScript® Reverse Transcrip-
tase (Life Technologies), and SULT4A1 transcript was amplified from cDNA using
REDTaq® DNA Polymerase (Sigma-Aldrich) and primers that amplify the full-length of
the coding region of the zZfFSULT4AL transcript. The PCR reaction products were separat-
ed by electrophoresis on a 10% agarose gel, and bands were stained with ethidium bro-
mide, then visualized by UV light. In the SCM larvae, fluorescent bands representing
SULT4A1 cDNA were observed at 48 hpf, 72 hpf, and 96 hpf, but not 24 hpf. In
SULT4A1 MO larvae, no bands were observed at 24 or 48 hpf, and faint bands were ob-
served at 72 and 96 hpf (Figure 19a). The SULT4AL expression of 72 and 96 hpf SCM
and SULT4A1 MO larvae was further analyzed by gPCR. Significant suppression of

SULT4A1 message levels was observed at 72 hpf in the SULT4A1 MO larvae, but
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Figure 19: SULT4A1 MO effectiveness. (A) Conventional PCR of SULT4A1 transcript
from SCM and 4A1 MO larvae. Total RNA was isolated from pooled SCM as well as
SULT4A1 MO larvae using STAT-60™ at 24 hpf, 48 hpf, 72 hpf, and 96 hpf. cDNA was
generated using SuperScript® Reverse Transcriptase (Life Technologies), and SULT4A1
transcript was amplified from cDNA using REDTagq® DNA Polymerase (Sigma-Aldrich)
and primers which amplify the full-length of the coding region of the zZSULT4ALl tran-
script (forward: 5’-CCGAGCACTCCGATTGAATACG; reverse: 5’-
TCACCTTGCCTTCTCCATTGTG). PCR reactions were separated by electrophoresis
on a 10% agarose gel, and bands were stained with ethidium bromide and detected by UV
light. (B) gPCR of SULT4A1 mRNA from 72 and 96 hpf SCM and 4A1 MO larvae. Rel-
ative expression levels of SULT4AL were analyzed using TagMan expression assays for
SULT4A1 (Assay ID: Dr03078008 _gl) and ribosomal subunit 18s (Assay ID:
Hs99999901 s1). Data were analyzed using the ACt method and normalized to endoge-
nous expression of 18s RNA. Error bars indicate standard error of the mean. (C) Im-
munoblot of SCM and 4A1 MO zebrafish larvae lysate at 72 hpf. Protein concentration
was determined by Bradford analysis, and 173 pg protein from each sample was loaded
onto a 10% acrylamide gel. Primary Ab was a goat a: hSULT4A1 pAb (R&D Systems),
1:200 dilution with a 2.5 h incubation. Secondary Ab was a horse-radish peroxidase
(HRP)-conjugated donkey a: goat Ab (Southern Biotech), 1:1000 dilution with a 1 h in-
cubation. Blot was developed with SuperSignal™ West Pico Chemiluminescent Sub-
strate (Life Technologies).

Note: From “Inhibition of SULT4A1 expression induces up-regulation of phototransduc-
tion gene expression in 72-hour postfertilization zebrafish larvae” by F. Crittenden, H.
Thomas, C. M. Ethen, Z. L. Wu, D. Chen, T. M. Kraft, J. M. Parant, an C. N. Falany,
2014, Drug Metabolism and Disposition, 42, p. 947. Copyright 2014 by The American
Society for Pharmacology and Experimental Therapeutics. Reprinted with permission.
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expression levels had returned to normal at 96 hpf (Figure 19b). Immunoblot analysis of
72 hpf SULT4A1 MO larvae revealed no immunoreactive bands (Figure 19c).

Although the SULT4A1 MO was effective at delaying SULT4A1 expression, no
gross morphological phenotype was observed in SULT4A1 MO versus SCM — injected
embryos (Figure 20). At 48 hpf (Figure 20a, b), all observed SCM and KD embryos had a
functional beating heart. At 72 hpf (Figure 20c, d), all observed SCM and KD embryos
displayed adequate blood flow throughout the body. At 120 hpf (Figure 20e, f), all ob-

served SCM and KD embryos had morphologically normal ears, eyes, and swim bladder.

SULT4A1 KD Induces Up-Regulation of Phototransduction Genes in 72 hpf Larvae

To investigate the effects of the inhibited expression of SULT4A1, the gene ex-
pression profile of 72 hpf embryos injected with either SCM or SULT4A1 MO was as-
sessed using RNA-seq. RNA-seq detects transcripts over a much larger dynamic range of
expression compared to microarray technology (Wang et al., 2009). Evaluation of the
RNA-seq data using Ingenuity Pathway Analysis revealed a number of cellular processes
to be significantly affected in the SULT4A1 KD larvae as compared to control larvae. A
total of 135 messages were shown to be significantly dys-regulated by SULT4A1 KD. Of
these, 47 genes were down-regulated, and 88 were up-regulated. A total of 13 genes
known to be involved in phototransduction were dys-regulated by SULT4A1 KD, and all
13 of these affected genes were shown to be up-regulated (Table 3). Other pathways in-
cluding LXR/RXR activation, circadian rhythm signaling, and CREB signaling in neu-
rons were also affected by SULT4A1 KD, but none to the extent or significance of photo-

transduction (Table 4).
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Figure 20: Normal development of SCM and 4A1 MO zebrafish larvae. Larvae were
immobilized in 2% methyl cellulose and visualized using a Nikon AZ100 microscope.
A. 48 hpf Control. B. 48 hpf SULT4A1 MO. C. 72 hpf Control. D. 72 hpf SULT4A1l
MO. E. 120 hpf Control. F. 120 hpf SULT4A1 MO.

Note: From “Inhibition of SULT4AL expression induces up-regulation of phototransduc-
tion gene expression in 72-hour postfertilization zebrafish larvae” by F. Crittenden, H.
Thomas, C. M. Ethen, Z. L. Wu, D. Chen, T. M. Kraft, J. M. Parant, an C. N. Falany,
2014, Drug Metabolism and Disposition, 42, p. 947. Copyright 2014 by The American
Society for Pharmacology and Experimental Therapeutics. Reprinted with permission.
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Protein Gene Fold Change p Value Localization
Sulfotransferase family 4A member 1 SULT4A1 -2.15 <0.0001

Rhodopsin RHO 1.17  0.8233 Rod
G protein alpha transducing activity polypeptide 1 GNAT1 2.09 <0.0001 Rod
G protein alpha transducing activity polypeptide 2 GNAT2 3.35 <0.0001 Cone
G-protein-coupled receptor kinase 7a grk7a 3.33 <0.0001 Cone
opsin 1, long-wave-sensitive, 2 OPN1LW2 2.31 <0.0001 Cone
opsin 1, medium-wave-sensitive, 2 OPN1MW1 456 <0.0001 Cone
opsin 1, short-wave-sensitive, 1 OPN1SW1 3.62 <0.0001 Cone
opsin 1, short-wave-sensitive, 2 OPN1SW?2 3.29 <0.0001 Cone
G protein-coupled receptor kinase 1b grklb 4.27 <0.0001 Cone
Arrestin 3, retinal ARR3 1.87 <0.0001 Cone
guanine nucleotide binding protein (G protein), gngt2b 3.24 <0.0001 Both

gamma transducing activity polypeptide 2b

Phosducin b pdcb 2.76 <0.0001 Both
Guanylate cyclase activator le gucale 4.39 0.00018 Both
Cyclic nucleotide gated channel beta 1a cngbla 3.51 <0.0001 Both

Table 3: Summary of affected genes involved in phototransduction. Embryos injected
with SCM or SULT4A1 MO were subjected to gene expression profiling using RNA-seq.
P-Values were determined using ANOVA.

Note: From “Inhibition of SULT4A1 expression induces up-regulation of phototransduc-
tion gene expression in 72-hour postfertilization zebrafish larvae” by F. Crittenden, H.
Thomas, C. M. Ethen, Z. L. Wu, D. Chen, T. M. Kraft, J. M. Parant, an C. N. Falany,
2014, Drug Metabolism and Disposition, 42, p. 947. Copyright 2014 by The American
Society for Pharmacology and Experimental Therapeutics. Reprinted with permission.
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Pathway P-value Genes
Phototransduction Pathway 2.48E-16 ARR3a, cngbla, gucale, GNATL,
GNAT?2, gngt2b, OPN1LW?2,

OPN1IMW1, OPN1SW1, OPN1SW?2,

grklb, grk7a, pdcb

LXR/RXR Activation 4.19E-3 APOA4, CYP7AL, MMP9, CETP
Circadian Rhythm Signaling 1.42E-2 PER1, NR1D1
CREB Signaling in Neurons 1.43E-2 GNAT1, GRM1, NAT2, OPN1SW

Table 4: Gene ontology of transcripts affected by SULT4A1 knockdown. Following collection
of RNA-seq data, Ingenuity Pathway Analysis was used to group affected genes into functional

pathways and generate p-values.

Note: From “Inhibition of SULT4A1 expression induces up-regulation of phototransduc-
tion gene expression in 72-hour postfertilization zebrafish larvae” by F. Crittenden, H.
Thomas, C. M. Ethen, Z. L. Wu, D. Chen, T. M. Kraft, J. M. Parant, an C. N. Falany,
2014, Drug Metabolism and Disposition, 42, p. 947. Copyright 2014 by The American
Society for Pharmacology and Experimental Therapeutics. Reprinted with permission.
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To validate the changes observed in the RNA-seq data, three up-regulated photo-
transduction genes were selected for further analysis by gPCR. OPN1MW1, guanylate
cyclase activator 1le (gucale), and G protein-coupled receptor kinase 1b (grklb) were
chosen based on their relative abundance, high observed fold-change, and p-value. Pre-
designed TagMan Gene Expression Assays were used to verify the observed up-
regulation of OPN1IMW1 (p = 0.0047) and grk1b (p = 0.0392). Gucale showed an abso-
lute increase of 1.52-fold when analyzed by gPCR, but this change was not statistically
significant (p = 0.0822). As expected, SULT4A1 showed a significant 7-fold decrease in
expression when analyzed by gPCR (p = 0.0253). Rrh was used as a negative control
since it is expressed in the retina and no change in expression levels was observed in the
RNA-seq data. As expected, analysis by gPCR showed no significant change in rrh ex-

pression (p = 0.3835). (Figure 21)

Aim 2: Behavioral Analysis of SULT4A1 KD and Mutant Zebrafish

Visual Motor Response (VMR) Assessment in SULT4A1 KD Larvae

Assay design and optimization. Because of the significant up-regulation of various photo-
transduction genes observed in the 72 hpf SULT4A1 MO-injected larvae, it was hypothe-
sized that SULT4A1 KD larvae would exhibit an altered visual sensitivity. To test this
hypothesis, an assay was developed that would allow the quantification of larval respon-
siveness to increments and decrements in light intensity. In zebrafish, the VMR is a reflex
wherein individual animals will initiate rapid swimming movements in response to abrupt
changes in light intensity. This reflex has been observed in WT fish as early as 68 hpf and

continues well into adulthood
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Figure 21: gPCR verification of differentially expressed phototransduction genes
observed in RNA-seq data at 72 hpf. SuperScript 1l was used to generate cDNA from
total RNA. Message level was determined on a 7900HT Sequence Detection System us-
ing pre-designed TagMan Gene Expression Assays. Values represent average relative
MRNA expression (n=3) +/- the standard error of the mean. A. SULT4Al: SCM (1.00
+/- 0.31). SULT4A1 MO (0.15 +/- 0.04). P = 0.0253. B. rrh: SCM (1.00 +/- 0.12).
SULT4A1 MO (1.24 +/- 0.23). P = 0.1917. C. gucale: SCM (1.00 +/- 0.17). SULT4A1
MO (1.52 +/- 0.26). P = 0.0822. D. grklb: SCM (1.00 +/- 0.14). SULT4A1 MO (1.43 +/-
0.11). P = 0.0392. E. OPN1IMW1: SCM (1.00 +/- 0.10). SULT4A1 MO (2.15 +/- 0.22).
P =0.0047. *p<0.05 as compared to SCM-injected embryos.

Note: From “Inhibition of SULT4A1 expression induces up-regulation of phototransduc-
tion gene expression in 72-hour postfertilization zebrafish larvae” by F. Crittenden, H.
Thomas, C. M. Ethen, Z. L. Wu, D. Chen, T. M. Kraft, J. M. Parant, an C. N. Falany,
2014, Drug Metabolism and Disposition, 42, p. 947. Copyright 2014 by The American
Society for Pharmacology and Experimental Therapeutics. Reprinted with permission.
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(Easter and Nicola, 1996; Kokel et al., 2010; Kokel and Peterson, 2011). Our VMR as-
say utilized a ZELLSAC (Figure 14) to measure the proportion of zebrafish larvae at a
given time point which were responsive to the light stimulus. To optimize the lighting
conditions for this assay, the assay was first performed using light intensities of 160 Ix,
375 Ix, 600 Ix, and 800 Ix. For each level of light intensity, one 96 well plate of 96 hpf
larvae was subjected to 5 light interruption stimuli. Individual larvae were scored as re-
sponsive if they responded to any one of the 5 stimuli. Of the 4 light intensities used for

this optimization experiment, 375 Ix had the highest response rate (Figure 22).

Normal VMR development in SULT4A1 KD embryos. To determine if SULT4A1 KD lar-
vae exhibited an impaired responsiveness to light changes, VMR was assessed at 76 hpf,
80 hpf, and 84 hpf. These time points were chosen because they are early enough that the
SULT4A1 MO is still effective, but also late enough that the larvae exhibit a robust and
rapidly maturing VMR. At all three time points investigated, SULT4A1 KD larvae exhib-
ited no significant differences in VMR responsiveness when compared to SCM larvae.
Both SULT4A1 KD and SCM larvae showed rapid VMR development over the course of
the experiment, but the VMR in SULT4A1 KD larvae was neither advanced nor delayed

(Figure 23).

Anxiety in the Novel Tank Test
Anxiety has been shown to lead to prolonged periods of inactivity in zebrafish
(Egan et al., 2009). Furthermore, natural variations in anxiety levels among zebrafish

populations ensure that certain strains have higher anxiety levels than others. Such is the
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Figure 22: VMR assay light stimulus intensity optimization. For each light stimulus
intensity, a total of 96 AB strain 96 hpf zebrafish larvae were subjected to 5 stimuli. Each
stimulus lasted 1 s and was followed by 30 s of uninterrupted light before the next stimu-
lus. For each individual larva, a positive response to any one of the 5 stimuli scored the
individual as a positive responder. For each time point, n = 96.
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Figure 23: VMR development in 76-84 hpf SCM and SULT4A1 MO - injected lar-
vae. No significant differences in % responsiveness of larvae were observed at any of the
three time points tested. p values for each time point were determined by 2-tailed 2-
sample z-test. 76 hpf: n =87, p=0.75. 80 hpf: n =41, p=0.37. 84 hpf: n =98, p = 0.28.
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case with the leopard skin mutant, a strain of zebrafish that presents spots instead of
stripes and that also exhibits increased anxiety-like behavior (Egan et al., 2009; Cachat et
al., 2011; Maximino et al., 2013). To determine whether SULT4A1%**® fish exhibited
increased anxiety-like behavior, WT and mutant fish were subjected to a standard novel
tank test, a test used to assess anxiety levels and locomotion in zebrafish when introduced
into a novel environment (Levin et al., 2007; Bencan et al., 2009; Egan et al., 2009;
Grossman et al., 2010). Over the course of the 6 min experiment, SULT4A1***® fish did
not exhibit any significant differences in latency to enter the upper half of the test cham-
ber (Figure 24a), freezing bouts (Figure 24d), freezing duration (Figure 24e), or total dis-
tance travelled (Figure 24f). During the first 3 min of the experiment, the mutant fish dis-
played a decreased propensity to enter the upper half, but this did not translate into signif-
icant differences in either time in upper half or transitions to upper half (Figure 24b, c).
No significant differences were observed between WT and SULT4A14"2" fish for any

of these endpoints (Figure 25).

Social Preference

WT and SULT4A1**** fish were subjected to a social preference test designed to
assess social behavior and motility. The apparatus (Figure 26a) consisted of a 30 cm x 10
cm x 10 cm corridor flanked on either end by water tight compartments. One compart-
ment (conspecific compartment) contained an unfamiliar WT fish. The other compart-
ment (empty compartment) contained no fish. Test fish were acclimated to the center
zone, and then allowed to swim freely throughout the center compartment comprised of

the conspecific zone, center zone, and empty zone. In accordance with previous studies
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Figure 24: Standard 6 minute novel tank test in WT and SULT4A1%/*® fish. Error
bars represent standard error of the mean. n = 13. Test subjects were 5 months old. (A)
Latency to enter the upper half of the tank. (B) Left: total transitions to the upper half of
the tank. Right: transitions to upper half per minute. (C) Left: cumulative time spent in
the upper half of the tank. Right: time spent in the upper half per minute. (D) Left: total
number of freezing bouts. Right: number of freezing bouts per minute. A freezing bout
was defined as a total lack of movement lasting longer than 2 s. (E) Left: cumulative
freezing duration. Right: freezing duration per minute. (F) Left: total distance traveled.
Right: distance traveled per minute. (*P < 0.05 in Student’s t test)

Note: From “Activity Suppression Behavior Phenotype in SULT4A1 Frameshift Mutant
Zebrafish” by F. Crittenden, H. Thomas, J. M. Parant, an C. N. Falany, 2014, Drug Me-
tabolism and Disposition, 43, p. 1037. Copyright 2015 by The American Society for
Pharmacology and Experimental Therapeutics. Reprinted with permission.
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Figure 25: Standard 6 minute novel tank test in WT and SULT4A1%%/25 fish. Error
bars represent standard error of the mean. n = 10. Test subjects were 5 mo old. (A) Laten-
cy to enter the upper half of the tank. (B) Left: total transitions to the upper half of the
tank. Right: transitions to upper half per minute. (C) Left: cumulative time spent in the
upper half of the tank. Right: time spent in the upper half per minute. (D) Left: total
number of freezing bouts. Right: number of freezing bouts per minute. A freezing bout
was defined as a total lack of movement lasting longer than 2 s. (E) Left: cumulative
freezing duration. Right: freezing duration per minute. (F) Left: total distance traveled.
Right: distance traveled per minute. (*P < 0.05 in Student’s t test)
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Figure 26: SULT4A1***® fish behavior in a social preference test. Error bars represent
standard error of the mean. n = 10 (A) The apparatus consisted of a 50cm x 10cm x 10cm
clear polycarbonate tank with an open top filled maximally with water. Two 10cm X
10cm x 10cm compartments at either end of the tank were separated from the rest of the
tank by water tight dividers. Two more sliding dividers separated the center area into
three equal-volume zones. (B) WT fish frequency of entry into the empty and conspecific
zones. (C) SULT4A1%*2 fish frequency of entry into the empty and conspecific zones.
(D) WT fish cumulative duration in the empty, center, and conspecific zones. (E)
SULT4A1*¥8 fish cumulative duration in the empty, center, and conspecific zones. (F)
Distance travelled per minute. (*P < 0.05 in ANOVA)

Note: From “Activity Suppression Behavior Phenotype in SULT4A1 Frameshift Mutant
Zebrafish” by F. Crittenden, H. Thomas, J. M. Parant, an C. N. Falany, 2014, Drug Me-
tabolism and Disposition, 43, p. 1037. Copyright 2015 by The American Society for
Pharmacology and Experimental Therapeutics. Reprinted with permission.
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(Grossman et al., 2010), WT fish spent significantly more time in the conspecific zone
and entered the conspecific zone more frequently than the other zones (Figure 26b, d).
SULT4A1***® fish also spent significantly more time in the conspecific zone than both
the empty and center zones (Figure 26e), but did not enter the conspecific zone more fre-
quently (Figure 26c¢). No significant differences were observed in the total distance trav-

eled by either fish throughout the experiment (Figure 26f).

Activity Analysis

Anecdotal reports of the SULT4A1 mutant fish behavior suggested that the fish
were less active during daytime h. Early in the adulthood of these fish, several observers
noted that the mutant zebrafish were exhibiting excessively sedentary behaviors during
the day, inconsistent with published reports on diurnal activity levels and sleep in
zebrafish (Zhdanova et al., 2001; Yokogawa et al., 2007; Zhdanova, 2011). Zebrafish
are largely diurnal organisms which are markedly active during the day and sedentary at
night during their sleep period (Yokogawa et al., 2007). Therefore, an increase in seden-
tary behavior during the day represents an abnormal behavior and warrants further sys-
tematic analysis. To determine whether SULT4A1%¥/%8 fish displayed quantifiable differ-
ences in activity levels, a total of 14 WT and 14 SULT4A1*¥/*® fish aged 7 — 9 mo old
were recorded for 48 h on a regular 14h/10h light cycle. Consistent with the anecdotal
evidence, EthoVision activity analysis showed a slight decrease in activity from ZT-1 to
ZT-14 with no discernible difference from ZT-15 to ZT-24 (Figure 27a). During daylight
h, SULT4A1%¥® spent a larger percentage of time in an inactive state (Figure 27b) and

displayed a higher inactivity bout frequency (Figure 27c¢). Mutant fish also displayed
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Figure 27: Suppressed activity in SULT4A1***® zebrafish. Error bars represent stand-

ard error of the mean. n = 14. (A) Mean activity levels. JTK_CYCLE analysis showed a
significant drop in oscillatory amplitude in SULT4A1%*® fish compared to WT fish. WT
amplitude = 0.122 pixels(frame)™® +/- 0.017. SULT4A1**% amplitude = 0.084 pix-
els(frame)™ +/- 0.009. (B) Inactivity time percentage. JTK_CYCLE analysis showed a
significant drop in oscillatory amplitude in SULT4A1%%® fish compared to WT fish. WT
amplitude = 11.83% +/- 2.87%. SULT4A1**** amplitude = 6.38% +/- 1.53%. (C) Inac-
tivity bout frequency. JTK_CYCLE analysis did not show a significant drop in oscillato-
ry amplitude in SULT4A1**% fish compared to WT fish. SULT4A1*¥*® amplitude =
111.6 bouts(h)™* +/- 19.3. WT amplitude = 111.2 bouts(h)™ +/- 23.3. (D) Inactivity bout
length. JTK_CYCLE analysis showed a significant drop in oscillatory amplitude in
SULT4A1*¥28  fish compared to WT fish. WT amplitude = 1.07s +/- 0.18s.
SULT4A1**28 amplitude = 0.65s +/- 0.09. (E) Mean activity bout length. WT peak = 256
s +/- 81.8. SULT4A1***® peak = 75.2 s +/- 15.3.

Note: From “Activity Suppression Behavior Phenotype in SULT4A1 Frameshift Mutant
Zebrafish” by F. Crittenden, H. Thomas, J. M. Parant, an C. N. Falany, 2014, Drug Me-
tabolism and Disposition, 43, p. 1037. Copyright 2015 by The American Society for
Pharmacology and Experimental Therapeutics. Reprinted with permission.
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increases in mean inactivity bout length during daylight h (Figure 27d). These data are
summarized in Table 5. Due to the cyclic nature of these data, JTK_CYCLE analyses
(Hughes et al., 2010) were used to calculate phase lag and amplitude of oscillations for
each trial, and a significant decrease in the amplitude of these oscillations was observed
in the mean activity level (Figure 27a) as well as inactive time % (Figure 27b) and inac-
tivity bout length (Figrue 27d) of SULT4A1%¥“® fish. In both WT and mutant fish, a
sharp spike in mean activity bout length was observed within 2 h of light onset. This peak
in mean activity bout length was significantly shorter in mutant fish (Figure 27e).
Previous reports have described a sleep-like behavior in zebrafish characterized
by place preference (at the top or bottom of the tank), reversible immobility, and in-
creased arousal threshold which peak during the night-time h (Zhdanova, 2006;
Yokogawa et al., 2007; Zhdanova et al., 2008; Appelbaum et al., 2009; Zhdanova,
2011). Like humans, zebrafish display diurnal sleep patterns. However, unlike the consol-
idated sleep bouts seen in humans, zebrafish undergo many sleep bouts throughout the
night. One defining characteristic of sleep in zebrafish is an increased arousal threshold.
In 2007, Yokogawa et al used this arousal threshold increase to define the minimum
epoch of immobility to distinguish sleep from simple immobility as 6 s. Thus, if the de-
creased activity seen in the SULT4A1*¥*® mutants was attributable to abnormal sleep
patterns, then a selective increase in inactivity bouts greater than 6 s would be expected.
However, mutant fish displayed increased daytime inactivity bout frequency for bouts
lasting less than 6 s as well as those lasting greater than 6 s (Figure 28a). No changes
were seen in night time or cumulative (day + night) inactivity bout frequency (Figure

28b, ¢)
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Genotype
Light/Dark WT A8
Activity (pixels/frame) Light 0.414 +/- 0.023  0.354 +/- 0.021 *
Dark 0.214 +/- 0.018 0.209 +/- 0.010
Inactive Time % Light 2.27+/-0.19  12.15+4/-1.13*
Dark 44,97 +/-1.18 46.28 +/-1.28
Inactivity Bout Frequency
(bouts/h) Light 45.01 +/-17.13  106.33 +/- 36.2 *
Dark 419.85 +/- 45.47  402.49 +/- 39.84
Inactivity Bout Length (s) Light 1.65 +/- 0.23 2.85+/-0.78 *
Dark 4.14 +/-0.71 4.20 +/- 0.54

Table 5: Activity analysis in WT and SULT4A1°¥“® fish. Asterisks indicate statistical
significance in Student’s t-test (p < 0.05). n = 14.

Note: From “Activity Suppression Behavior Phenotype in SULT4AL1 Frameshift Mutant
Zebrafish” by F. Crittenden, H. Thomas, J. M. Parant, an C. N. Falany, 2014, Drug Me-
tabolism and Disposition, 43, p. 1037. Copyright 2015 by The American Society for
Pharmacology and Experimental Therapeutics. Reprinted with permission.
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Figure 28: Frequency of different inactivity bout lengths. Error bars represent stand-
ard error of the mean. n = 14. (*P < 0.05 in Student’s t test) (A) Day time inactivity bout
frequency. (B) Night time inactivity bout frequency. (C) Cumulative (day + night) inac-
tivity bout frequency.

Note: From “Activity Suppression Behavior Phenotype in SULT4A1 Frameshift Mutant
Zebrafish” by F. Crittenden, H. Thomas, J. M. Parant, an C. N. Falany, 2014, Drug Me-
tabolism and Disposition, 43, p. 1037. Copyright 2015 by The American Society for
Pharmacology and Experimental Therapeutics. Reprinted with permission.
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Although the SULT4A1¥*® fish did display significant differences from WT fish
in the amplitude of their inactive time % and inactivity bout frequency oscillations, two
SULT4A1*¥*® fish had to be excluded from the JTK_CYCLE analysis for these two end
points. These fish displayed no significant rhythmicity for either end point (p > 0.05), ne-
cessitating their exclusion from the analysis. No such arrhythmicity was observed in any
of the WT fish. Representative traces of these arrhythmic fish as well as rhythmic WT
fish are shown in Figure 29.

SULT4A1%*/21 fish were also subjected to the same 48 h activity analysis. A to-
tal of 16 WT and 16 SULT4A1%*/2 fish aged 10-12 mo were used in the experiment.
Unlike the SULT4A1¥*® fish, however, SULT4A1*>*™ fish did not display any differ-

ences in activity levels during the day or night (Figure 30).

Dynamic Modeling of SULT4A14" Mutant Protein

In contrast to the SULT4A1® mutation, which resulted in a frameshift at AA 89
and premature stop codon after AA 182 (Figure 12), the SULT4A1*" mutation resulted
in the deletion of 5 AA residues while leaving the rest of the protein’s primary sequence
still intact (Figure 11). In the only published crystal structure for SULT4Al (1ZD1),
these 5 AA residues (GIu90 — Pro94) lie within the putative substrate binding pocket di-
rectly adjacent to the “catalytic” His111. Two deleted residues, Glu90 and Tyr91, lie
within 2 A and 3.9 A of His111, respectively (Figure 31). To investigate how the deletion
of these 5 AA residues might affect the tertiary structure and stability of the SULT4Al
protein, a homology model of the SULT4A1" protein was created in MOE with these 5

AA residues removed. This SULT4A1%*® model as well as the native SULT4A1 model
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Figure 29: Arrhythmic Mutant Activity. (A) Representative inactivity frequency bout
trace of a WT fish. (B) Representative inactivity bout frequency trace of an arrhythmic
SULT4A1%*8 fish (p > 0.05, JTK_CYCLE). (C) Representative inactive time % trace of
a WT fish. (D) Representative inactive time % trace of an arrhythmic SULT4A1%%*® fish
(p>0.05,JTK_CYCLE).
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Figure 30: Unchanged activity in SULT4A1*'9*!> zebrafish. Error bars represent
standard error of the mean. n = 16. (A) Mean activity levels. (B) Inactivity time percent-
age. (C) Inactivity bout frequency. (D) Inactivity bout length. (E) Mean activity bout
length.
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Figure 31: Stereoscopic view of the position of SULT4A1" deleted residues within
the putative substrate binding pocket of SULT4AL. Deleted residues (blue) and “cata-
lytic” His111 (magenta) are shown. PDB: 1ZD1
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was energy minimized. Following energy minimization, the systems were equilibrated to
a temperature of 310K over 100 ps followed by a 5 ns simulation at 310K.

After the 5 ns simulation, several distinct differences were observed between the
WT and SULT4A1%® proteins. These differences are depicted in Figure 32. As described
earlier, the 5 AA residues deleted in the SULT4A1%" protein lie directly adjacent to the
“catalytic” His111 in the tertiary structure of the WT protein. These 5 residues are direct-
ly flanked on their amino-terminal side by Val88 and Leu89. During the simulation, these
2 residues move over to a position much closer to His111. This movement results in a 5.2
A shift of the o-carbon atoms of both of these residues toward His111. Another notable
shift takes place on the opposite side of the putative substrate binding pocket with Lys55.
The a-carbon of this residue only moves 2.6 A, but the side chain shifts 3.2 A towards
His111. The net effect of these shifts is an involution of the key residue His111 so that it

IS no longer accessible to the solvent.

Aim 3: Biochemical Analysis of SULT4A1

Co-Immunoprecipitation of zfSULT4A1 with YLPM1

Expression and purification of 6His-Flag-zfSSULT4AL. zfSULT4A1 was expressed with a
cleavable N-terminal 6His tag and Flag tag to enable a tandem co-immunoprecipitation
using both a Ni?*-NTA affinity resin and Flag affinity matrix. The 6His-Flag-
zfSULT4AL gene construct was expressed in BL21 E.coli for induction and purification.
Fractions from bacterial cytosol expressing this 6His-Flag-zfSULT4A1 construct were
collected and analyzed by coomassie blue staining (Figure 33a) to determine relative pro-

tein concentration. Fractions exhibiting strong staining were combined, and protein
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Figure 32: Stereoscopic view of the involution of His111 in SULT4A1*" mutant pro-

tein. Molecular models of both WT SULT4A1 (A) and SULT4A1*" (B) were subjected
to a 5 ns dynamic simulation in MOE. In the SULT4A1"® simulation, the residues
Lys55, Val88, and Leu89 shifted towards the “catalytic” Hisl11, isolating it from the
solvent.
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1 234567 891011121314

B 1 2 3

50 kDa »

37 kDa »

Figure 33: Expression and purification of 6His-Flag-zSULT4AL. (A) 10% acrylamide
gel electrophoresis. Arrows indicate molecular weight. Lane 1: bacterial lysate after in-
duction of 6His-Flag-zSULT4AL. Lane 2: Ni**-NTA column flow through (non-bound).
Lane 3: flow through after 15 bed volume wash with column buffer. After 15 bed volume
wash, bound protein was eluted with 30 mL column buffer and a gradient of 10 mM im-
idazole to 300 mM imidazole. Fractions were collected every 1 mL. Lane 4: fraction 1.
Lane 5: fraction 4. Lane 6: fraction 7. Lane 7: fraction 10. Lane 8: fraction 13. Lane 9:
fraction 16. Lane 10: fraction 19. Lane 11: fraction 22. Lane 12: fraction 25. Lane 13:
fraction 28. Lane 14: fraction 31. Fractions 8-17 were pooled together and dialyzed over-
night against 0 mM imidazole. (B) Immunoblot of human brain lysate (lane 1), fraction 7
(lane 2), and combined fractions 8-17 (lane 3). Primary Ab was a goat a: hSULT4Al
pAb (R&D Systems), 1:200 dilution with a 2.5 h incubation. Secondary Ab was a horse-
radish peroxidase (HRP)-conjugated donkey o: goat Ab (Southern Biotech), 1:1000 dilu-
tion with a 1 h incubation. Blot was developed with SuperSignal™ West Pico Chemilu-
minescent Substrate (Life Technologies).
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concentration was determined by Bradford analysis (Bradford, 1976). Immunoblot anal-
ysis of combined fractions using an anti: hSULT4A1 pAb (Protein Tech) revealed an
immunoreactive band near 37 kDa (Figure 33b). The expected molecular weight of the

6His-Flag-zfSULT4AL1 protein is 36.9 kDa.

Expression and purification of 6His-TEV Protease. TEV protease was expressed with an
N-terminal 6His tag to enable purification. The 6His-TEV protease construct was ex-

pressed in BL21 E.coli and purified using a NI*

-NTA affinity resin. Pooled fractions
were then assayed for protease activity on the 6His-Flag-zfSULT4A1 protein construct.
A total of 1 pg of 6His-TEV protease was added to 1 mg of purified 6His-Flag-
zfSULT4AL1 at a final concentration of 2 pg/mL. After overnight incubation at 4°C, the
reaction solution was run over another Ni?*-NTA column to bind 6His-tagged TEV pro-
tease as well as uncut 6His-Flag-zfSULT4A1. Coomassie blue staining of both the bound

and unbound fraction revealed all of the recombinant SULT4AL1 to be in the unbound

fractions, indicating near complete cleavage of the 6His tag (Figure 34).

Co-immunoprecipitation of YLPM1 with zfSULT4AL. To investigate whether SULT4Al
has protein binding partners in the zebrafish brain, a co-immunoprecipitation was per-
formed using recombinant 6His-Flag-zfSULT4A1 as bait protein and zebrafish brain ly-
sate as a prey protein source. The pulldown was carried out in conjunction with a control
pulldown in which no bait protein was used, but all other conditions remained the same.
After overnight incubation of zebrafish brain lysate with 6His-Flag-zfSULT4AL bait pro-

tein, Ni**-NTA affinity chromatography was used to precipitate 6His tagged bait protein
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Figure 34: Activity of purified 6His-TEV Protease. Lane 1: Purified, pre-cut 6His-
Flag-zSULT4A1. Lane 2: Ni*-NTA column flow through after protease reaction. Lane
3: Protein bound to Ni**-NTA column after protease reaction. No protein was observed in
the bound fraction after the protease reaction, indicating near complete cleavage of the

6His tag.
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and any bound proteins. TEV protease was used to cleave the 6His tag off of the bait
protein, and then protein was further purified by Flag-affinity chromatography. Analysis
of the control and pulldown samples by MS/MS revealed the presence of two peptides
(Figure 35) in the pulldown sample which were unique to vertebrate YLP motif contain-

ing protein 1 (YLPML1) (Figure 36).

In-Vitro Dimerization of SULT4Al

A well-established characteristic of SULTSs is their existence as homodimers in
vitro as well as in vivo (Petrotchenko et al., 2001; Weitzner et al., 2009). This is facilitat-
ed through a highly conserved dimerization domain (sequence: KXxxXTVxXXE)
(Petrotchenko et al., 2001). Like the catalytically active SULTS, both zfSULT4A1l and
hSULT4A1 contain this dimerization domain. To determine whether SULT4A1 also ex-
ists as a homodimer, purified zfFSULT4A1 was subjected to size-exclusion chromatog-
raphy using a Sephadex G-100 column. Fractions were collected every 1 mL after pas-
sage of the void volume, and protein concentration was determined by Bradford analysis
for each fraction. Peak elution volume of zfSULT4A1 was compared to a standard curve
generated using Bio-Rad Gel Filtration standards. The observed molecular weight of
eluted SULT4A1 was calculated to be 61.7 kDa, in 93% agreement with the predicted

dimer weight of 66.2 kDa (Figure 37).
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Figure 35: The MS/MS spectrum for the two unique peptides identified in the pull-
down sample. (A) Sequence: DERASLGPRPTYRER. (B) Sequence: WEMDTSEAK.
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1 MQEHAQLQOQILQQYQQOVIQQPAHLOTMPFEMOLOHYEMQOQQORFAPLYQEW 50
51 ERHFNLWLEQFQMYPHKDQLHDYEAQWROWQEQMNSTSAHLQERVTTLRA 100
101 MQHQYGSSYGMMGSYGQQSPNVOMGPNGNMNLVGPGTPSMPPPVTMDAMP 150
151 APSTQGPSQFEGPRGPQFEQPPQORFSGPPRFDAGQRFSQPPRGNPPFPG 200
201 APARLENPPRONTPTRFERPPVASQQOTGSGQQSSPVTGNQTKQQSAKPEA 250
251 KPVPPSYTDPDKAKSPLSQSTQKENNSSAPSMTDDLVDSVDGFFIQSGPI 300
301 PQTKDSDKTDADSAKQODKTKEVTTKPSAPTDAPDTTNKNSNLQPPKTSHT 350
351 ANGPPQQVKPPONKFKPDTPKETPRMLPMMNQQVPPOMARGRGRGQIPMP 400
401 LRGRGRARGRGQYGGPMADPNFQREIEEDSYDHQEPGNASHGEDQDRIWR 450
451 DPSLDGPEEIDQEAPLEIWQPEEEHFPEEYPEDTHODENWEEEPQDYWEE 500
501 EDPYWAEQRPAMRARPPFPPGGPRRPPFHPRFMLQGPRRPPPPGSLQHNP 550
551 LGPPPFRPRGGVVPRFRRGLGPWGPLPRHDMMERDLRRPPAPHEIIAREP 600
601 AGPHGYEEEIDREPAWPHPRGRGIRRPPLPPHEMGRGIRRPPMRPAMPRE 650
651 RWHGPPPHEEENYEEEYPYGAEDDVYRRPPHEYNEDYEHGDEYYGSREEW 700
701 DGEQPERDYPPHRPPERVREDPWLEERERSFPYEEDRYREERRGPFYPDD 750
751 PPYQDRDREPPFHSRSDWERPPPPPPPERGYSRSLSETDYEHKLDPLASL 800
801 PAPQATDSPLDESSPSATKAVLALSQROHEITLKAAQELKMIRELQETKK 850
851 ALGEVSTTESAGLPSELPAGILGLEIPPEVKSALQATNLLSETGQTEFNAG 900
901 LSSNQSTDFLSSTAPTASFIAKTVDYAHGRDGGSTVERISYGERVLLRPA 950
951 PAPSERSYEKELLGHRDPYYDRRSDPYAARDYDREWERDPYREKPTLDYE 1000
1001 RDRYERDRYLRDERASLGPRPTYREREREHSSRSSRDRELYNRPSYERSS 1050
1051 YERSLEHYEHGSSSYGERRSYPDERQPPPTSLPPSAPVAPPVEKKPEIKN 1100
1101 AEDILKPPGRSSRPDRIVVIMRGLPGSGKSHVAKLIRDKEVECGGAPPRV 1150
1151 LGLDDYFMTEVEKIEKDPDSGKRIKTKVLEYEYEPEMEDTYRSSMLKTFK 1200
1201 KTLDDGFFPFIILDAINDKVKYFDQFWSAAKTKGFEVYLAEITTDQQTCA 1250
1251 KRNIHGRTLKDISKLSGGWESAPPHMVRLDIRSLLQDAAIEDVEMEDENP 1300
1301 SDEPKAEVKNDDDETDLGYVPKSKWEMDTSEAKLDKLDGLVGGGKRKRDA 1350
1351 GLSGMEDFLQLPDDYATRMSEPGKKRVRWADLEEQKDVDRKRAIGEVVGQ 1400
1401 TDWEKITDESGQIAQRALNRTKYF 1424

Figure 36: AA sequence of YPLML1. Identified peptides are highlighted yellow.
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Figure 37: Dimerization of zZSULT4AL. (A) Elution profile of dimeric zZSULT4A1 from
a Sephadex G-100 column. Fractions were collected every 1 mL after passage of the void
volume. Bradford analysis was used to determine relative protein concentration for each
fraction. (B) Calculation of molecular weight of eluted protein. Formula was derived
from elution volumes of Bio-Rad Gel Filtration Standards. MW of eluted zSULT4A1
was calculated to be 61.7 kDa.
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CHAPTER 4
DISCUSSION

Effects of SULT4A1 Expression Deficiency on Development and Gene Expression in
Larval and Adult Zebrafish

The use of zebrafish as a model organism provides a unique opportunity to inves-
tigate the function of SULT4AL. Advantages of the zebrafish model include the fact that
large numbers of KD larvae can be generated in a very short amount of time, and the rap-
id onset of SULT4A1 expression and nervous system development allows generation of
specimens for in vivo study of SULT4A1 more rapidly than would be possible in other
vertebrate model systems. Typically, the use of zebrafish to investigate the function of
human proteins would carry the disadvantage that zebrafish are more distantly related to
humans than other common model organisms. However, considering the highly con-
served nature of SULT4A1’s sequence as well as neural localization, results from
zebrafish studies may have greater relevance to the analysis of hSULT4A1 function than
with less conserved proteins. Because zfSULT4A1 and hSULT4AL1 are highly conserved,
it is anticipated that they will have an equally conserved function.

Conventional PCR (Figure 19a), gRT-PCR (Figure 19b), immunoblot analysis
(Figure 19c), and RNA-seq (Table 3) showed an effective KD of SULT4AL expression at
72 hpf when using the SULT4A1 MO. Following fertilized egg injection, however, both

the control and KD larvae developed normally, and no gross phenotypic changes could be
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observed. There are a number of possible explanations for this apparent lack of a devel-
opmental phenotype. If SULT4AL is in fact an enzyme, then an incomplete KD, as is typ-
ically achieved with MOs, may leave sufficient levels of the protein to retain its function.
However, both SULT4A1%%%8 and SULT4A1%"%2"® mutant zebrafish also develop nor-
mally, strongly indicating that SULT4A1 deficiency is not lethal.

One unexpected finding of this study was the detection of SULT4A1 mRNA in
the testes via qPCR (Figure 15a). However, when full-length primers for SULT4A1 were
used with cDNA from the testes, however, no amplification product was observed (Fig-
ure 15b). Likewise, no translated protein was detected in the testes by immunoblot analy-
sis. A similar phenomenon was observed in human liver by Falany et al (2000). Hepatic
expression of an incorrectly spliced and untranslatable form of hSULT4A1 mRNA was
described. This type of aberrant splicing may also be occurring in the testes of zebrafish.
If the included intron was of sufficient length, that could explain why no amplicon was
observed after conventional PCR using full length SULT4AL primers (Figure 15b). If
intron 1 were included in the transcript, then the amplicon would increase from 860 to
6239 bases. That would be too long for amplification under the PCR conditions utilized.

Previous studies have shown the brain to be the primary site of SULT4AL1 expres-
sion in humans and rats (Falany et al., 2000; Liyou et al., 2003). As expected, SULT4A1
expression was observed at high levels in the brain of adult zebrafish. Interestingly,
SULT4A1 expression was also observed in the adult zebrafish eye (Figure 15a, b, Figure
16). This represents a novel finding that may provide key insights into the function of
SULT4AL. If SULT4A1 does indeed prove to play an important role in vertebrate vision,

then this finding further solidifies the zebrafish as a model organism to study its function.
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Zebrafish have the ability to respond to light as early as 68 hpf and can track movement
as early as 73 hpf (Easter and Nicola, 1996; Easter and Nicola, 1997). The strong ocular
expression of SULT4A1 may also account for its relatively rapid onset of expression in
zebrafish embryos, where protein was detectable by immunoblotting as early as 72 hpf
(Figure 19c). This stands in contrast to rats, where significant levels of brain SULT4A1
MRNA were not detectable by Northern-blot analysis until post-natal day 21 (Falany et
al., 2000). Significant retinal development occurs in rats postnatally, especially with re-
gards to photoreceptors. Cones do not reach peak density until post-natal day 10 (Arango-
Gonzalez et al., 2010). This stands in contrast to larval zebrafish vision, in which cones
develop early and are the primary photoreceptor type during the first few days of eye de-
velopment (Fadool and Dowling, 2008).

The ocular expression of SULT4A1 may help explain the observed up-regulation
of 13 genes known to be involved in phototransduction in the MO KD study. Although
adult zebrafish express higher levels of SULT4AL1 in the brain than in the eye, at 72 hpf
the eyes are the largest neuronal structure in the developing larvae. The immediate cause
of this increase in expression remains unclear. Either SULT4A1 KD leads to an increase
in the overall number of photoreceptors in the retina, or the number of photoreceptors
remains the same while phototransduction protein expression increases. Given the lack of
any discernible change in gross eye morphology of SULT4A1 KD larvae at 72 hpf (Fig-
ure 20), the latter seems more likely. Further investigation of the retinal histology of
SULT4A1 KD and SULT4A1 mutant larvae is needed to address these possibilities.

An interesting aspect of the phototransduction up-regulation in the SULT4Al1 KD

larvae is that it appears to be cone-specific. Of the 13 up-regulated genes, 8 are either ex-
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clusively or primarily expressed in cone photoreceptors as compared to rod photorecep-
tors. Four are expressed in both cones and rods, and only 1 is primarily expressed in rods.
OPN1LW?2, OPN1IMW1, OPN1SW1, and OPN1SW2 encode the cone-specific opsin
photopigments and displayed the most statistically significant up-regulation in the RNA-
seq analysis. In contrast the rod-specific photopigment, rhodopsin, was not significantly
dys-regulated. Arrestin 3a (Arr3), grk1b, and grk7a are also primarily cone genes whose
expression was shown by RNA-seq to be up-regulated (Wada et al., 2006; Renninger et
al., 2011). The only rod-specific gene shown to be up-regulated was the transducin alpha
subunit gnatl (Nelson et al., 2008). The cone counterpart of gnatl, gnat2, was also up-
regulated (Table 3). Larval zebrafish vision is dominated by cones (Fadool and Dowling,
2008), which may account for the disproportionate number of cone genes shown to be
up-regulated in SULT4A1 KD larvae. Another possibility is that SULT4A1 KD in these
embryos may somehow lead to a higher proportion of cones to rods in the developing ret-
ina. Both cells stem from the same retinal progenitor cells (Young, 1985; Wetts and
Fraser, 1988; Rapaport et al., 2004), and a higher cone to rod ratio could possibly ac-
count for the cone-specific nature of the phototransduction upregulation described here.
A doubling of the number of cones in the retina could be measured with a cone-specific
antibody.

When the 72 hpf SULT4A1%¥28 Jarvae were analyzed by qPCR for the same gene
expression changes observed in the 72 hpf SULT4A1 KD larvae, no changes were ob-
served. Although these results are seemingly contradictory, they are not without prece-
dent. Numerous studies have reported instances where genetic mutation of a gene pro-

duces a profoundly different phenotype than when the same gene’s expression is sup-
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pressed by KD (Law and Sargent, 2014; Kok et al., 2015; Rossi et al., 2015; Stainier et
al., 2015). One such example is the EGF-like-domain, multiple 7 (egfl7) gene. KD of this
gene has been shown to cause severe vascular tube formation defects in zebrafish, frogs,
and human cells (Parker et al., 2004; Charpentier et al., 2013; Huang et al., 2014). Ge-
netic mutation of this gene, however, causes no obvious phenotypes (Schmidt et al.,
2007; Kuhnert et al., 2008). Furthermore, egfl7 mutant zebrafish have been shown to be
much less sensitive to egfl7 MO treatment than their WT siblings, suggesting that the
phenotype observed in the morphants is not due to off-target effects of the egfl7 MO.
Further investigation revealed that a separate protein, Emilin3, was upregulated in the
egfl7 mutants but not in the WT or morphant fish. Co-injection of Emilin3 mRNA with
the egfl7 MO was able to rescue the vascular phenotype seen in the morphant larvae, in-
dicating that this was some sort of compensation mechanism that occurred in the mutants
(Rossi et al., 2015). So it is possible that the lack of a phototransduction upregulation
phenotype in SULT4A1%¥28 Jarvae could be due to some sort of similar gene expression
compensation in the mutants which does not occur in the morphants.

Despite the upregulation of phototransduction proteins observed in SULT4A1 KD
larvae, it is unlikely that SULT4A1 plays an active role in phototransduction in the pho-
toreceptors. Immunohistochemical analysis of SULT4ALl in rat retinas revealed strong
staining in the ganglion cell layer of the retina rather than the photoreceptor layer (Figure
18). This experiment was attempted using the same antibody in zebrafish retinas, but
cross-reactivity and non-specific binding of the antibody prevented reliable analysis of

the results in the fish.
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The issue of non-specific binding of the SULT4AL1 antibody is part of a continu-
ing problem when using immunoaffinity to study this protein. Because SULT4AL is so
highly conserved (Table 2), all of the animals typically used to generate antibodies also
express SULT4A1 with a very high level of sequence homology. As a result of this con-
servation, the various vertebrate SULT4A1 orthologs are not highly immunogenic. Short-
ly after the identification of SULT4A1, several attempts were made by our lab to gener-
ate an antibody to the human ortholog. However, because of the aforementioned immu-
nogenicity problem, these attempts were met with little success. A suitable polyclonal
antibody to hSULT4A1 was eventually made by R&D Systems using a goat as the host
animal (catalog number: AF5826). This antibody is effective at detecting SULT4AL pro-
tein in lysate prepared from neural tissue of humans, rats, and zebrafish via immunoblot
and was also the primary antibody used for IHC in Figure 18. During the early stages of
this project, this was the only commercially available SULT4A1 antibody. More recently,

another polyclonal antibody to hSULT4A1 was developed by Proteintech™

(catalog
number: 12578-1-AP) using a rabbit as the host animal. This antibody also works well
against human tissue samples and is slightly better than the R&D Systems antibody at
detecting SULT4AL in immunoblots of zebrafish tissue lysate. However, there is still a
substantial amount of non-specific binding when used for this purpose (Figure 13). To
address this problem, we endeavored to generate a polyclonal antibody to zfSULT4A1.
Recombinant zfFSULT4A1 was expressed in E.coli, purified, and sent to Pacific Immu-
nology (Ramona, Ca). There, it was used to inoculate a goat and raise a polyclonal anti-

body to zfSULT4AL. However, the serum obtained was not immunoreactive with either

purified zfFSULT4A1 or zebrafish brain lysate (data not shown).
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Previous studies have shown that SULT4A1 does not bind the SULT cofactor
product, 3’, 5’-phosphoadenosine (PAP) the same way as other SULTs (Allali-Hassani et
al., 2007). Our lab was also unable to show binding of **S-labled PAPS to SULT4A1
(unpublished data). Considering this as well as the lack of detectable sulfation activity
with a wide range of known SULT substrates, it is possible that SULT4A1 may act as an
allosteric regulator of another protein rather than as a catalytically active SULT (Falany
et al., 2000; Allali-Hassani et al., 2007). Therefore, deficits in SULT4A1 expression as
seen in KD embryos could lead to dramatic changes in a cellular pathway whose activity
is modulated by SULT4A1. Whether SULT4AL is directly involved in phototransduction
or some other neuronal process less specific to retinal and pineal tissue remains to be de-
termined. However, given SULT4A1’s wide distribution in the rat central nervous system
(Liyou et al., 2003), the latter seems more likely. It is also possible that SULT4Al may
be expressed in the retinal ganglion cells, whose axons make up the optic nerve. While
phototransduction was by far the most significantly affected cellular process in this study,
this may be due to the rapid development of vision in the zebrafish larvae. Vision and the
ability to react to visual stimuli play a prominent role in the development of zebrafish
larvae (Easter and Nicola, 1996). Consequently, the eyes of a 72 hpf larva are dispropor-
tionately large compared to the rest of the body than those of an adult zebrafish. In con-
trast to KD larvae, adult SULT4A1-deficient zebrafish may present with more significant
changes in different pathways such as circadian rhythm or CREB signaling in neurons
(Table 4). This study is the first to identify a cellular process whose regulation appears to
be associated with SULT4A1 expression. The observation that KD of SULT4AL expres-

sion in zebrafish larvae affects expression of genes in phototransduction represents the
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first possible function of this conserved orphan SULT. Characterization of visual re-
sponses and cone function in the KD larvae may identify the affected downstream visual

signaling pathways.

Behavioral Abnormalities in SULT4A1 KD and Mutant Zebrafish

Because of the altered expression of phototransduction proteins observed in
SULT4A1 KD larvae, it was hypothesized that these larvae would exhibit an altered re-
sponsiveness to light stimuli. To test this hypothesis, we designed and constructed an ap-
paratus to measure the VMR of control and SULT4A1 KD mutants. During the develop-
mental period examined, no differences in responsiveness were observed between control
and SULT4A1 KD larvae. There were a number of constraints for this experiment which
prevented a more thorough examination of larval VMR. First was the time frame of the
KD of SULT4AL1 expression. MO injection only achieves an effective suppression of
gene expression for roughly 3 days (Draper et al., 2001; Morcos, 2007; Bill et al., 2009).
However, the VMR response in larval zebrafish does not fully mature until day 4 or 5
post-fertilization, well after this KD window has passed. For this reason, we were only
able to observe a small developmental window during which the VMR was developing
and SULT4AL1 expression was effectively suppressed. Observation of more mature larvae
with a fully developed VMR may give different results, but this is beyond the scope of
the MO KD protocol. Secondly, the capabilities of the ZELLSAC apparatus limited the
type of responses we were capable of observing. Because the Canon Powershot® camera
used was only capable of recording larval responses in the light, we were unable to dis-

tinguish between lights-off responses and lights-on responses. Instead, any movement ob-
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served within the appropriate time after the end of the stimulus was scored as a positive
response, whether it had initiated in response to the lights-off or lights-on portion of the
stimulus.

Anecdotal reports of the SULT4A1 mutant fish behavior suggested that the fish
were less active during daytime h. Early in the adulthood of these fish, several observers
noted that the mutant zebrafish were exhibiting excessively sedentary behaviors during
the day, inconsistent with published reports on diurnal activity levels and sleep in
zebrafish (Zhdanova et al., 2001; Yokogawa et al., 2007; Zhdanova, 2011). Using the
activity analysis function of EthoVision, we observed a significant decrease in daytime
activity levels of adult SULT4A1**® zebrafish compared to WT. Interestingly, this same
phenotype was not observed in SULT4A1%'52 fish. This can possibly be accounted for
by the fact that the SULT4A1*® mutation results in a frameshift and much more cata-
strophic mutation of the protein than the SULT4A1""® mutation, which only results in a 5
AA deletion. This deleted portion of the SULT4A1" protein comprises a loop which
resides within the putative active site of the protein, approximately 2 A from the con-
served catalytic His109 (Figure 31). If this lack of phenotype in SULT4A1%""A"5 fish
proves to be reproducible, it may be because the mutated area of the protein is not as im-
portant for its function as we once thought. Another possible explanation is the differ-
ences in age between the fish used in the SULT4A1%"92"® and SULT4A1*¥** experi-
ments. The SULT4A1%*8 fish were between 7 and 9 mo old, while the SULT4A1%!¥413
fish were between 10 and 12 mo old. This age difference was obviously not ideal, but

technical difficulties during recording delayed the SULT4A1%'9*!* experiment. Like
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most other animals, zebrafish become gradually less active with age. This could have a
masking effect on an activity phenotype that may have shown up at an earlier age.

One possible explanation for the suppressed activity observed in SULT4A14%8
fish is the disruption of normal sleep cycles. Zebrafish are diurnal animals whose sleep is
markedly inhibited by light (Yokogawa et al., 2007). If sleep cycle dysregulation is re-
sponsible for the suppressed daytime activity seen in the mutant fish, this would provide
a unique opportunity to elucidate SULT4A1’s biological function. Much of the molecular
machinery and effector molecules of sleep regulation, such as hypocretin and melatonin,
are conserved among vertebrates (Chen et al., 2014). Zebrafish, however, are unique
from most other vertebrates in that their circadian clock is decentralized (Whitmore et al.,
1998; Cermakian et al., 2000). Most vertebrates (including humans) possess a small
population of “pacemaker cells” within the suprachiasmatic nucleus (SCN) that are re-
sponsible for maintaining diurnal rhythms (Mistlberger, 2005). Zebrafish possess an
SCN, but evidence suggests that it is not required for the normal development of circadi-
an rhythms (Noche et al., 2011). Instead, the zebrafish brain has been shown to be glob-
ally rhythmic and light-sensitive (Whitmore et al., 1998; Moore and Whitmore, 2014).
Given the diffuse nature of SULT4A1 expression in the retina and brain outside the SCN
and pineal gland in mammals (Liyou et al., 2003), it is unlikely that SULT4AL is in-
volved in the maintenance of diurnal rhythms. However, it is possible that SULT4A1
may be involved in regulating the neuronal response to circadian input from effector
molecules such as hypocretins or melatonin. As in other diurnal vertebrates, hypocretins
and melatonin play a central role in the regulation of sleep and wakefulness in zebrafish

(Appelbaum et al., 2009; Mieda et al., 2013). Furthermore, hypocretin deficiency has
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been shown to cause narcolepsy in nocturnal as well as diurnal animals, including hu-
mans (Chemelli et al., 1999; Lin et al., 1999; Peyron et al., 2000; Thannickal et al.,
2000). If SULT4AL is involved in the regulation of hypocretin signaling at the post-
synaptic level, then that may help explain an increase in sleep-like behavior during the
day. In order for the observed inactivity bouts to be conclusively characterized as sleep,
an increase in arousal threshold will need to be demonstrated during the inactivity bouts.
In zebrafish, this is typically done via electric shock. Live video tracking equipment will
continuously monitor fish movement, and when movement stops for a few s, a mild elec-
tric shock is automatically delivered to the holding tank. This shock steadily increases in
intensity until the fish begins to move again, and increases in the voltage required to rean-
imate the fish are used to distinguish sleep bouts from simple inactivity (Zhdanova, 2006;
Yokogawa et al., 2007; Zhdanova, 2011). Due to the brevity and unpredictable timing of
the inactivity bouts observed in SULT4A1**% fish, demonstrating an increased arousal
threshold is exceedingly difficult. So at this point, the possibility of sleep dysregulation
remains.

The identification of the SULT4A1*¥** fish which displayed no significant
rhythmicity in their inactivity bout frequency and inactive time % was an unexpected and
interesting finding. No SULT4A1%'92" fish and no WT fish from either the
SULT4A1**¥ or SULT4A1"A15 experiments exhibited this type of arrhythmicity.
These pronounced phenotypes were confirmed upon re-screening of the SULT4A14%48
fish used in the experiment, and the arrhythmic fish have been kept for further evaluation.

It is possible that these fish possess a genotype which compounds with the SULT4A1
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frameshift mutation to produce a much more pronounced phenotype. That possibility re-
mains to be explored.

Previous studies have shown that anxiety in zebrafish can lead to increased inac-
tivity bouts (Egan et al., 2009; Cachat et al., 2010; Grossman et al., 2010; Cachat et al.,
2011). However, the results of this study suggest that the increase in inactivity bouts are
most likely not attributable to anxiety. In the novel tank test designed to induce and ana-
lyze anxiety in zebrafish, SULT4A1%"*"> and SULT4A1%*® fish did not show any in-
crease over WT fish in freezing bout frequency, freezing duration, or total distance trav-
elled. SULT4A1**® fish did show a decreased propensity to enter the upper half of the
tank in the novel tank test, but only during the second and third min of the experiment,
after which they did not behave differently from WT fish (Figure 24).

In 2014, our laboratory reported an upregulation of several cone-specific photo-
transduction genes in SULT4A1 knockdown zebrafish larvae (Crittenden et al., 2014).
This dysregulation of cone genes was observed at 72 h post fertilization and was not ac-
companied by any overt morphological or developmental defects. It is possible that the
dysregulation of cone phototransduction genes may carry over into adulthood in the
SULT4A1 mutant fish. If such is the case, however, it does not appear as though this re-
sults in blindness in the fish. SULT4A1**® fish were able to see and identify the conspe-
cific fish in a social preference test. Given the water-tight nature of the boundary between
the center and conspecific compartments in the test, this preference is more likely at-
tributable to vision than another social stimulus such as olfaction. Although the
SULT4A1**8 fish are most likely not blind, the possibility that they may have altered or

impaired color vision remains to be investigated.
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Elucidation of SULT4A1’s role in activity regulation will require a comprehen-
sive inquiry into the biochemical activity of SULT4A1 within the CNS. Recent work has
described the post-translational modification of SULT4Al via phosphoryla-
tion/dephosphorylation as well as a possible interaction with the peptidyl-prolyl cis-trans
isomerase, Pinl (Mitchell and Minchin, 2009; Mitchell et al., 2011). Yet little is known
about the exact biological function that SULT4A1 plays on a molecular level, and under-
standing its role in the regulation of activity will require extensive work. Although it does
not resolve address the question of the enzymatic activity or biochemical function of
SULT4AL, these findings represent a major step forward in the search for this protein’s
function in its identification of a behavioral phenotype associated with SULT4A1 muta-

tion.

Biochemical Analysis of SULT4Al

One of the long-term goals for this project is to identify the physiological function
of SULT4A1 and to understand the role that it plays in the vertebrate nervous system.
With previous studies failing to identify a substrate (Allali-Hassani et al., 2007; Minchin
et al., 2008), it was hypothesized that SULT4A1 may not in fact be a catalytically active
SULT. This possibility is bolstered by the observation that SULT4A1 does not bind the
SULT cofactor, PAPS, likely due to the positioning of loop 3 blocking the PAPS binding
site (Allali-Hassani et al., 2007).

One possibility is that SULT4A1 must first bind to another protein before it can
carry out its function. This hypothesis is based in part on the observation that the putative

substrate binding pocket in the crystal structure of SULT4AL is much more open to the
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solvent than it is in the catalytically active SULTs (Figure 7). Whereas in the other
SULTSs, loop 3 stretches out across the substrate binding pocket and effectively forms a
lid over the active site, loop 3 in SULT4AL is pulled away from the substrate binding
pocket (Figure 5). SULT4AL1 is the only SULT isoform which has been shown to display
this loop 3 arrangement (Allali-Hassani et al., 2007), and the effect is that the conserved
catalytic His residue of SULT4AL1 is open to the cytosol (Figure 7). This is in contrast to
the other SULTSs, whose catalytic His residues are fully enclosed in the proteins’ struc-
tures (Allali-Hassani et al., 2007). Given the relatively large size of the putative substrate
binding pocket of SULT4AL, it is likely that the substrate (if one exists) is larger than the
typical SULT substrate. The size and openness of the putative substrate binding pocket of
SULT4A1 could potentially allow the binding of peptides or even whole proteins. In
2009, Mitchell and Minchin used a yeast two-hybrid screen to demonstrate an interaction
between SULT4AL1 and the proline isomerase Pinl in HeLa cells (Mitchell and Minchin,
2009). This interaction was shown to have a destabilizing effect on SULT4AL. Although
the interaction was confirmed by co-immunoprecipitation, these experiments were carried
out in a cell line (HeLa) which does not endogenously express SULT4AL.

For this project, the co-immunoprecipitation was carried out using zebrafish brain
lysate as a source of prey protein and 6His-Flag-zfSULT4A1 as bait protein. After tan-
dem Ni**-NTA affinity and a:Flag purification, MS/MS analysis revealed 2 unique pep-
tides in the pulldown but not control samples which were shown to belong to YLP motif
containing 1 (YLPM1). Also known as ZAP3, YLPM1 was identified first by Misawa et
al (Misawa et al., 2000) and subsequently by Sutherland et al (Sutherland et al., 2001).

YLPML1 is a large protein (240 kDa) which has been shown to localize to the nucleus
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(Sutherland et al., 2001). The exact physiological function of YLPM1 remains unclear. In
2004, Armstrong et al reported a roll for YLPML1 as a transcription factor regulating the
activity of telomerase in embryonic stem cells (Armstrong et al., 2004). A more recent
report demonstrates that it complexes with 5 other nuclear proteins and suggested that it
may also have a role as a nucleotide kinase (Ulke-Lemee et al., 2007).

Whether SULT4A1 and YLPML1 are true binding partners is unclear. YLPM1 is a
nuclear protein (Sutherland et al., 2001). Conversely, the only published study on the lo-
calization of SULT4A1 suggests a cytosolic and in certain cases interstitial, but never nu-
clear, localization (Liyou et al., 2003). If SULT4A1 and YLPML1 are, in fact, binding
partners, it raises interesting possibilities. Both YLPM1 and SULT4A1 are essentially
orphan enzymes. SULT4A1 was identified as a putative SULT based on sequence ho-
mology to other known SULTSs (Falany et al., 2000). Further investigation demonstrated
an ability to bind various small molecules but failed to demonstrate any catalytic activity,
likely due to an inability to bind the nucleotide cofactor, PAPS (Allali-Hassani et al.,
2007). Similarly, YLPM1 was identified as a putative nucleotide kinase based on se-
quence homology to other known nucleotide kinases. Further investigation demonstrated
an ability to bind various nucleotides, but failed to demonstrate any kinase activity (Ulke-
Lemee et al., 2007). It is possible that SULT4A1 and YLPM1, two proteins with no cata-
Iytic activity by themselves, could interact in such a way that SULT4AL binds a substrate
molecule and presents it so that YLPM1 can bind and provide the nucleotide sul-
fate/phosphate donor. The carboxy-terminal portion of YLPM1 which contains the puta-
tive kinase domain is highly conserved in all higher eukaryotes except for fungi and

worms (Ulke-Lemee et al., 2007). This indicates that if SULT4A1 and YLPML1 interact in
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the zebrafish CNS, they could interact in other vertebrates as well. When the pulldown
was repeated in human brain lysate, however, these results proved to be irreproducible.
There are a number of ways in which the protocol could be modified to produce more
reproducible results. One likely explanation for the lack of reproducibility in human brain
tissue is the manner in which the brain tissue was obtained. Better control is needed over
the tissue preparation and procurement process to ensure that the tissue is not fixed before
lysate can be prepared from it. Also, the B-ME removal step may be superfluous and may
need to be omitted in future pulldown experiments.

Any proposed model for a multi enzyme complex or other protein-protein interac-
tion involving SULT4A1 must take into account the natural tendency for SULT4AL to
form homodimers. The KxxxTVxxXE dimerization domain is one of the most highly con-
served sequences in the SULTSs and is one of the distinguishing characteristics that influ-
enced the classification of SULT4A1 as a member of the SULT gene family (Falany et
al., 2000). As expected, SULT4A1 had an apparent molecular weight of 61.7 kDa when
analyzed by size-exclusion chromatography. This is roughly twice the size of monomeric
SULTA4AL1 and indicates that SULT4A1 exists as a dimer. This finding is supported by a
recent study which also demonstrated homodimerization of SULT4A1 (Sidharthan et al.,
2014) as well as another study which reported the crystallization of SULT4AL with the
exact same dimer interface as all of the other reported SULT crystal structures (Weitzner
et al., 2009).

As noted earlier, the deleted sequence in SULT4A1" is in a highly conserved
region (Figure 38) that lies in close proximity to His109 in the tertiary structure of the

protein (Figure 31, 32). It was believed that these characteristics made this region an ideal



Human
Chimpanzee
Rat
Chicken
Finch
Xenopus
Zebrafish

Human
Chimpanzee
Rat
Chicken
Finch
Xenopus
Zebrafish

Human
Chimpanzee
Rat
Chicken
Finch
Xenopus
Zebrafish

Human
Chimpanzee
Rat
Chicken
Finch
Xenopus
Zebrafish

Human
Chimpanzee
Rat
Chicken
Finch
Xenopus
Zebrafish

Human
Chimpanzee
Rat
Chicken
Finch
Xenopus
Zebrafish

[ e R e

PAPS binding domain

100
100
100

99
100
100
100

150
150
150
149
150
150
150

200
200
200
199
200
200
200

250
250
250
249
250
250
250

Hisl09

Dimerization domain

SULT4A1"*® deletion

284
284
284
283
284
284
284

130

49
49
49
48
49
49
49

99
99
99
98
99
99
99

149
149
1495
148
149
149
149

199
199
199
198
199
199
199

249
249
249
248
249
249
249



131

Figure 38: SULT4A1 species alignments. AA sequences for human (Homo sapiens),
chimpanzee (Pan troglodytes), rat (Rattus norvegicus), chicken (Gallus gallus), finch
(Taeniopygia guttata), xenopus (Xenopus tropicalis), and zebrafish (Danio rerio)
SULT4A1 were aligned in MacVector. Green sequence indicates agreement with the
consensus SULT4AL sequence. Yellow sequence indicates a deviation from hSULT4A1
sequence that still maintains the same biochemical properties. Red sequence indicates a
deviation from hSULT4AL that results in a change in type of AA. Canonical PAPS bind-
ing domain, catalytic His residue, SULT4A1" deleted region, loop 3, and SULT dimeri-
zation domain are denoted by black boxes.
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site for a deletion that would result in a loss of function and an easily identifiable pheno-
type. However, given the lack of any observed phenotype in the SULT4A1%*/2* fish in
the behavioral assays (Figure 25, 30), it is possible that this region is not as important as
was once believed. Figure 38 compares the SULT4A1 sequences of 7 different species.
The His109 residue responsible for coordinating the sulfonate transfer in the catalytic
SULTSs is conserved in all of these species, indicating that SULT4A1 may yet serve a cat-
alytic function. However, it is unlikely that such a catalytic function involves a sulfonate
transfer from PAPS to a substrate, given the inability of SULT4A1 to bind PAPS (Allali-
Hassani et al., 2007). Despite the high level of overall sequence similarity between the
orthologs of SULT4AL in Figure 38, one ortholog, that belonging to chickens, has a
PAPS binding domain which shares less than 29% homology with the canonical PAPS
binding domain and the other SULT4A1 orthologs. Similar to the other SULTS, the di-
merization domain of SULT4AL is highly conserved across the species represented in
Figure 38. This conservation is reflected in the fact that SULT4A1 has been shown to
form dimers in this study (Figure 37) as well as a previous study (Sidharthan et al., 2014).
The Loop 3 region, which sets SULT4A1 apart from the other SULTS, is also highly con-
served amongst the different orthologs represented in Figure 38. This is notable because
of the observation that Loop 3 imparts a great deal of substrate specificity in the other
SULTSs (Cook et al., 2013a; Cook et al., 2013b; Cook et al., 2013c) and also because

Loop 3 physically occludes the PAPS binding site in SULT4A1 (Figure 6)
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Future Directions

This study represents a substantial step forward in its identification of a behavior-
al phenotype associated with SULT4A1 mutation in zebrafish, although it doesn’t address
the underlying molecular function of SULT4A1 within the vertebrate nervous system.
Future studies conducted by our lab will endeavor to uncover the specific function that
this protein plays, and identification of that function will allow pharmacologic interven-
tion to study SULT4A1’s pathway in the future.

One question that has not been conclusively addressed in the scientific literature is
whether or not SULT4AL is post-translationaly modified, and if so what specific modifi-
cations take place. The post-translational modification of SULT4A1 is a distinct possibil-
ity, and may be required before SULT4ALl displays any enzymatic activity (if it is, in
fact, an enzyme). Previous studies have demonstrated that Thr1l on hSULT4AL is phos-
phorylated by ERK1 in HelLa cells transfected with a Flag-tagged hSULT4A1 construct
(Mitchell et al., 2011). This phosphorylation of SULT4AL1 is then followed by binding to
and destabilization by the peptidyl prolyl cis-trans isomerase Pinl (Mitchell and
Minchin, 2009). However all of this was demonstrated in HeLa cells, a cell line which
does not express SULT4AL naturally. Whether or not SULT4A1 is post-translationaly
modified in the cells of the CNS has yet to be determined. In order to answer this ques-
tion, we propose to conduct a 2D gel immunoblot of human brain lysate spiked with puri-
fied bacterially-expressed SULT4AL. If SULT4AL is phosphorylated or otherwise post-
translationaly modified in brain tissue, we would expect to see a shift in the isoelectric
point (the first dimension) of SULT4A1 on the 2D gel. Phosphorylation at only one site

on a protein has been shown to have the potential to shift the isoelectric point of the mod-
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ified protein by several pH points on a 2D-gel (Zhu et al., 2005). If a shift of SULT4ALl is
observed, then the spot on the 2D-gel can then be excised and analyzed by MS/MS to de-
termine the nature of the post-translational modification.

Another possibility which has not been explored here is the potential for an oblig-
atory ordered reaction mechanism where the substrate binds first before the sulfate donor,
PAPS, can bind. Such an ordered reaction mechanism is unlikely but not without prece-
dent. One bile acid sulfotransferase in the rhesus monkey liver only exhibits sulfotrans-
ferase activity if it binds to its substrate, glycolithocholate, first (Barnes et al., 1986).
SULTA4A1 has been shown to be capable of binding to apomorphine, epinephrine, and
norepinephrine, albeit without any demonstrable catalytic activity (Allali-Hassani et al.,
2007). It is possible that SULT4AL must first bind to its substrate or another cofactor be-
fore PAPS can bind.

The methods used in this study to monitor the development of the VMR response
in SCM and SULT4A1 KD larvae were reasonably effective at detecting movement at
the onset of light at the end of the stimulus. But due to the manual scoring required dur-
ing analysis, the results were restricted to a simple binary output. Either the individual
larvae responded, or they didn’t. However, larval zebrafish respond to light in a much
more intricate and complex manner than can be assayed with such binary methods. All-
wardt et al have described a mutant zebrafish called no optokinetic response ¢ (nrc)
which does not exhibit an optokinetic response (Allwardt et al., 2001). These larval nrc
mutants exhibit a normal off-VMR and a suppressed on-VMR which is also delayed by as
much as 15 s (Emran et al., 2007). These studies were carried out with more sophisticated

recording and tracking equipment than what was available to us, and our methods and
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apparatus were designed to emulate the capabilities of the more sophisticated larva re-
cording equipment such as DanioVision™ (Noldus). Another reflex which will be as-
sessed in mutant and WT fish is the optomotor response (OMR). The OMR describes the
tendency for zebrafish to turn and swim in the direction of a perceived motion when pre-
sented with a whole-field moving stimulus (Maaswinkel and Li, 2003; Portugues and
Engert, 2009). Similarly, the optokinetic response (OKR) describes the tendency of ver-
tebrates to track a whole-field moving stimulus with a slow eye movement in the direc-
tion of the perceived motion followed by a quick return saccade. The OKR functions to
stabilize the visual image on the retina and allows high visual resolution (Huang and
Neuhauss, 2008). The OMR and OKR responses will be analyzed in WT and mutant
zebrafish using a modified OptoMotry® apparatus (CerebralMechanics, Lethbridge, AB,
Canada) as has been utilized by Tappeiner et al (Tappeiner et al., 2012). Improvement of
our methods and equipment will allow a much more robust investigation into larval mu-
tant responses to visual cues than has been possible up to this point.

Initially, it was hypothesized that the excessive inactivity bouts observed during
the day in the SULT4A1°¥/%8 fish were due to sleep. As discussed earlier, however, re-
porting these behaviors as sleep would require demonstrating an increased arousal
threshold. Given the sporadic nature of the daytime inactivity bouts observed in
SULT4A1%*%8 fish, demonstrating an increased arousal threshold during these periods
would be exceedingly difficult. However, the SULT4A1%¥28 fish which displayed ar-
rhythmic activity patterns were inactive upwards of 80% of the time during the day (Fig-
ure 29). These fish were identified and then bred with the intention of screening the prog-

eny for a similar exaggerated phenotype. If this trait proves to be heritable, then demon-
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strating an increased arousal threshold in these fish would be much more feasible due to
the much higher frequency of inactivity bouts displayed by these fish.

Another possible future use for these arrhythmic fish is the potential identification
of a compounding genotype which combines with the SULT4A1%%28 genotype to produce
the exaggerated phenotype described here. If the progeny do, in fact, exhibit the same
arrhythmic phenotype and excessive daytime inactivity, then that would strongly indicate
that there is another genotype or gene interaction causing the phenotype in conjunction
with SULT4A1%%28 |dentification of this hypothetical genotype would be difficult, but
not impossible, given the rapidly advancing nature of the fields of genomics and tran-
scriptomics. Identification of such a genotype could potentially point to a protein which
interacts directly with SULT4A1 or another protein in the same pathway. These arrhyth-
mic fish should also be subjected to proteomic analysis using 2D gel electrophoresis to
determine what changes in protein expression could account for the pronounced pheno-
type.

The 72 hpf SULT4A1 morphant larvae exhibited a phenotype characterized by an
upregulation of cone-specific phototransduction genes (Table 3). The 72 hpf
SULT4A1**8 Jarvae did not. As discussed earlier, this is likely due to a genetic compen-
sation that occurs in the mutants but not in the morphants, but it also raises the possibility
that the morphant phenotype may be caused by off-target effects of the SULT4A1 MO.
To address this possibility, SULT4A1%¥*® embryos could be injected with the SULT4A1
MO and assessed for the phototransduction phenotype. If the SULT4A1%%*® larvae are
less sensitive than the WT larvae, this would argue against the possibility of off-target

effects accounting for the phototransduction phenotype.
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Future studies will endeavor to determine the cause of the cone-specific nature of
the phototransduction upregulation. A number of hypotheses will be tested. One possibil-
ity is that SULT4A1 KD leads to a higher ratio of cone photoreceptors to rod photorecep-
tors in the developing retina. The retina forms early during larval zebrafish development
with all cells in the retina stemming from a population of stem cells known as retinal pro-
genitor cells (RPC) (Young, 1985; Rapaport et al., 2004). The various cell types of the
retina differentiate at varying stages of retinal development. Cell fate is thought to be de-
termined via a complex combination of intrinsic and extrinsic cues as well as stochastic
mechanisms (Cepko, 2014). Therefore, it is conceivable that changes in gene expression
brought about by suppression of SULT4AL during retinal development could then lead to
changes in cell fate determination and a larger population of one cell type (e.g., cones)
than would normally be expected. Cones typically comprise only a small proportion of
the total number of photoreceptors, and the use of cone-specific antibodies can be used to
quantify the proportion of cones (Clark and Kraft, 2012). Through analysis of mutant,
WT, and morphant retinal histology, we will seek to quantify potential changes in cone
prevalence as well as any other morphological changes brought on by SULT4A1 defi-
ciency.

When stimulated by light, the retina produces a characteristic electrical response
know as an electroretinogram (ERG). ERG recordings are a well-established tool used for
investigating retinal electrophysiology (Granit, 1933; Marmor et al., 2009). Under dim
lighting conditions, weak stimuli will activate rod photoreceptors, and use of sufficient
background lighting will effectively bleach rods and allow the study of cone-driven re-

sponses. Combined with pharmacological block of retinal synapses, this allows research-
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ers to isolate populations of rod or cone photoreceptors as isolated elements within the
ERG and will facilitate the investigation of cone function in the SULT4A1 morphants as
well as mutants (Korenbrot et al., 2013). This will also allow the investigation of the pos-
sibility that the upregulation of cone genes is due to cone gene expression in rod photore-
ceptors, a phenomenon which has been demonstrated in Nrl” mice (Daniele et al., 2005)
and rd7 mice (Corbo and Cepko, 2005). A hybrid rod expressing the OPN1MW1 gene,
which was upregulated in 72 hpf SULT4A1 morphants, would have increased sensitivity
to mid-long wavelength light. Similarly, a rod expressing abnormally high levels of
GNAT?2 and/or grk7a would likely display faster phototransduction inactivation and thus
a higher sensitivity to temporal frequency of light intensity changes.

Aside from the phototransduction pathway, one of the pathways affected by
SULT4A1 KD as determined by RNA seq was the circadian clock (Table 4). Two genes
from this pathway, Perl and NR1D1, were found to be upregulated in the KD larvae at 72
hpf. Perl is one of four highly conserved proteins that drive the oscillations of the circa-
dian clock in vertebrates (Fukada and Okano, 2002; Ishikawa et al., 2002; Yamajuku et
al., 2010). The other three central proteins in this transcriptional regulation feedback
loop, BMALL, CLOCK, and CRY were not affected by SULT4A1 KD. In zebrafish, Perl
MRNA expression peaks near ZT3 (Laranjeiro and Whitmore, 2014), roughly 2 h after
the upregulation observed in the KD larvae. NR1D1 is a transcription factor which regu-
lates the transcription of several circadian clock genes including BMALL (Wang et al.,
2006). While Perl and NR1D1 were the only two canonical circadian clock genes identi-

fied in the RNA seq results, recent reports have shown a large number of cone-specific
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phototransduction genes to fall under circadian control, including several which were up-
regulated by SULT4A1 KD (Laranjeiro and Whitmore, 2014).

Given its broad expression within the CNS, it is unlikely that SULT4A1 plays a
role in maintaining circadian rhythms. It is possible, however, that SULT4A1 may medi-
ate a peripheral cellular response to circadian stimulation from the hypothalamus.
Hypocretin is produced in the hypothalamus by a small population of neurons that make
up the SCN (Sakurai et al., 1998). These neurons, which are responsible for maintaining
the circadian clock in vertebrates, have axons which project throughout the CNS and reti-
na and use the neuropeptide, hypocretin, as one of their primary neurotransmitters
(Mistlberger, 2005; Richardson, 2005). This allows the neurons of the SCN to maintain a
centralized circadian clock while still exerting control over gene expression in neurons
throughout the CNS and retina. If SULT4AL is involved in mediating the peripheral neu-
ronal response to hypocretin, this could potentially explain the observed dysregulation of
the cone-specific phototransduction genes which fall under circadian control. This hy-
pothesis could be tested by overexpressing hypocretin in the WT and SULT4A1°¥/%8 fish
and observing the changes in activity levels of the larvae using DanioVision™. Trans-
genic and pharmacological impairment of hypocretin signaling has implicated this neuro-
peptide in the promotion of wakefulness and arousal (Nishino, 2007), and overexpression
of hypocretin has been shown to promote an insomnia-like state in zebrafish larvae
(Prober et al., 2006).

Given the exceptional conservation of SULT4AL across all vertebrates, there is
little doubt that this protein plays an important and conserved role within the vertebrate

nervous system. However, this runs counter to our observation that the SULT4A1 mutant
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fish survive well into adulthood and have little difficulty breeding. Furthermore, the
SULT4A1 mutants appear to behave normally aside from a slight, but significant, de-
crease in daytime activity levels. A logical conclusion from this would be that SULT4Al
does not play as important of a role as was once thought. However, we do not believe this
to be the truth. Clearly, the forces of natural selection favor individuals with an unaltered
SULTA4AL gene sequence. If the decreased activity levels seen in SULT4A1*® fish are
also seen in other species with SULT4A1 mutations, this may help explain why there are
so few SULT4AL polymorphisms. In a controlled laboratory setting, where food is plenti-
ful and matings are deliberately arranged, these less active fish survive and propagate
with ease. In the wild, however, these individuals would be at a distinct disadvantage.

In summary, this study demonstrates that KD of SULT4A1 expression using a
SULT4A1 MO results in an up-regulation of cone-specific phototransduction proteins in
72 hpf zebrafish larvae. These morphant larvae survived well into adulthood and did not
display any gross developmental defects. Despite the apparent dysregulation of photo-
transduction, these morphant zebrafish larvae were still able to respond to light stimuli
with a normal VMR. The SULT4A1 mutant zebrafish generated using TALENS also sur-
vived well into adulthood without any gross developmental defects, and did not show the
same phototransduction dysregulation phenotype as the morphant larvae. Analysis of ac-
tivity levels over 48 h in the SULT4A1%*8 fish demonstrated a significant drop in activi-
ty during the day. The exact cause of this drop in daytime activity levels remains unclear.
Although it does not resolve the question of the enzymatic activity or biochemical func-

tion of SULT4AL, this study represents a major step forward in the search for this pro-
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tein’s function in its identification of a behavioral phenotype associated with SULT4A1

mutation.
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