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ABSTRACT

Protein tyrosine sulfation, catalyzed by tyrosylprotein sulfotransferase (TPST), is one of
the most common post-translational modifications. TPST transfers the moiety of sulfuryl
group from adenosine 3’-phosphate 5’-phosphosulfate (PAPS), to the hydroxyl group of
specific tyrosine residues of various secreted and membrane-bound proteins overspread the
eukaryotes. Tyrosine-sulfated. proteins are known to mediate many physiological processes
including coagulation, leukocyte-adhesion, chemokine signaling, and HIV infection. At
present, the sulfoproteomics. and« TPST-regulated biological functions remain largely
unknown. A single TPST gene whose mRNA was highly expressed in the head and brain of
Drosophila melanogaster was identified following the analyses of genomic sequences and
gene microarray. TPST gene was knockdown specifically in the nervous system of D.
melanogaster using GAL4-UAS system. 2-D electrophoresis and digital image analysis
indicated that 4 proteins were up-regulated and 18 proteins were down-regulated. Among
them, 9 proteins were identified by MS spectrum and most of them were involved in the
metabolism and oxidative stress. Superoxide dismutase [Cu-Zn], an antioxidant enzyme
against reactive oxygen species, was mainly down-regulated in the neuron-specific TPST
knockdown flies. Oxidative stress assay was examined with paraquat treatment, and
surprisingly the result showed the knockdown flies had remarkably longer survival time
(1.32-fold). These results are important to comprehend the biological roles and regulatory

actions of protein tyrosine sulfation in the nervous system.
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Chapter 1 Introduction

1.1 Post-translational modifications

Post-translational modifications (PTMs) are one of the most important biological
mechanisms in both prokaryote and eukaryote proteins, including acetylation, acylation,
glycosylation, methylation, phosphorylation, ubiquitination, and sulfation (Appendix 1).
These modifications can have both structural and regulatory functions, which modulate the
properties of proteins by proteolytic cleavage or by the addition of a modifying group to
amino acid, which may involve proteins’ activity state, localization, turnover, and interaction

with other proteins (Mann et al., 2003).

1.2 Sulfotransferase

Sulfation reactions can be classified by the sulfoconjugation of the acceptor group; for
instance, O-sulfation (ester), N-sulfation” (amide), S-sulfation (thioester). O-sulfation is
dominant in cellular sulfation reaction, which includes-a hydroxyl group of small endogenous
compounds such as catecholamines, steroids, thyroid hormones, vitamins, and larger
molecules such as glycosaminoglycans, proteoglycans, galactoglycerolipids, and proteins
(Strott, 2002).

Sulfate-containing bimolecules were discovered in 1876, but the mechanism of sulfation
remains unknown until the active 3’-phosphoadenosine 5’-phosphosulfated (PAPS) was
isolated.  The PAPS-binding region is conversed at the amino acid level for all
sulfotransferase (STs), and all STs use PAPS as the universal sulfate group donor (SO3), to
catalyze the sulfuryl group into a variety of amine and hydroxyl substrates (Appendix 2).
STs can be basically divided into two classes: cytosolic STs or membrane-associated STs.
Cytosolic STs are soluble proteins located in cytoplasm, and generally sulfonate small

compounds including hormones, bioamines, as well as drugs and xenobiotics. They are



involved in detoxification, hormone regulation, and drug metabolism. Membrane-associated
STs are membrane anchored proteins located in the trans-Golgi network (TGN), which
implied that they are involved in the post-translational modification of larger biomolecules
including carbohydrates and protein. They are mainly involved in molecular-recognition

events and biochemical signaling pathways (Chapman et al., 2004).

1.3 Tyrosylprotein sulfotransferase

Post-translational tyrosine O-sulfation of protein was first discovered by Bettelheim in
bovine fibrinopeptide B in 1954 (Bettelheim, 1954). However, limited information was
known about tyrosylprotein sulfation until 1982, when Huttner directly identified that this
PTM was mediated by tyrosylprotein.sulfotransferase (TPST), an enzyme that catalyzes the
transfer of a sulfuryl group from PAPS to' the hydroxyl group of tyrosine residue in the
protein/peptide (Figure 1) (Moore, 2003). Furthermore, Huttner proved that TPST was
membrane-bound and located'in the trans-Golgi network (Appendix 3) (Bacuerle and Huttner,
1987), and also characterized and purified TPST from bovine adrenal medulla (Niehrs and
Huttner, 1990). It is now known that TPST is a widespread enzyme in multicellular
eukaryotic organisms throughout the plant and animal kingdoms, and can be detected in most
tissues and cell types from humans (Appendix 4) and rats (Mishiro et al., 2006) (Nishimura
and Naito, 2007). There are two TPST isoenzymes in most species: TPST1 and TPST2, both
encoding type II transmembrane domain (17-residues) and are 65-67% identical. However,
no evidence has supported the distribution and relative abundance of the two TPSTs at the
protein level due to the lack of detecting tools such as isoenzyme-specific antibodies and
substrates.

Although not many tyrosine-sulfated proteins had been indentified, based on the amino
acid sequences flanking known tyrosine O-sulfation sites, it is clear that the dominant

characteristics of sulfation sites are generally between 3 and 4 acidic amino acids within +5



residues of the sulfotyrosine. The SwissPort Group developed a software, called Sulfinator

(http://ca.expasy.org/tools/sulfinator) (Monigatti et al., 2002), which predicts possible proteins

that can process tyrosine sulfation and also its tyrosine sulfation site. It has been estimated
that up to approximately 1% of all tyrosine residues in eukaryotic cells are predicted to
undergo tyrosine sulfation, but only a few hundred proteins have been identified presently

(Seibert and Sakmar, 2008).

1.4 Biological roles of tyrosine sulfation

TPSTs catalyze the sulfation of tyrosine residues within specific peptide sequences, which
have also been implicated in several crucial physiological events. The localization of TPST
indicated that the tyrosine sulfation.occurs only on proteins that transit the trans-Golgi
network; these proteins usually belong to secreted or membrane proteins (Monigatti et al.,
2006). Tyrosine sulfation has been implicated in intracellular trafficking and proteolytic
processing of secreted proteins, and identified as a key modulator of extracellular
protein-protein interaction by recognition of the sulfate group of proteins, which includes
hormonal regulation, hemostasis, inflammation and infectious diseases (Seibert and Sakmar,

2008).

1.4.1 Chemokine receptor

Chemokine are small, secreted proteins that exert many biological functions through
G-protein-coupled receptors, including leukocyte trafficking, angiogenesis, angiostasis, viral
infections, and host immune response to cancer (Zlotnik et al., 1999). Several chemokine
receptors (CXCR3, CXCR4, CCR2b, CCRS5, and CX3CR1) have undergone tyrosine sulfation.
A comparison in the sequences of the known chemokine receptors shows that their N-terminal
domains are highly acidic and contain one or more tyrosine residues, which suggests that

many, perhaps all, of the chemokine receptors may be tyrosine sulfated. Currently, the most


http://ca.expasy.org/tools/sulfinator

popular topic on the study of tyrosine sulfation focuses on CCRS5 due to its involvement of
HIV-1 entry. CCRS is post-translationally modified by sulfation of its N-terminal tyrosines,
and the sulfated tyrosines contribute to the binding of MIP-1a, MIP-1f3, and HIV-1
gp120/CD4 complexes (Appendix 5). The four tyrosine sulfated residues are stepwise
modified; tyrosines at positions 14 or 15 are sulfated first, followed by position 10 and finally
the tyrosine residue at position 3 (Sasaki et al., 2007). Mutation of the four sulfotyrosine
residues to phenylalanine and chlorate inhibition inhibits HIV infection by 50-75% (Farzan et
al., 1999). This information suggests that inhibiting tyrosine sulfation of CCRS may provide

a basis for the design of therapeutic agents aimed at blocking HIV-1 cellular entry.

1.4.2 Leukocyte adhesion and inflammatory response

P-selectin glycoprotein ligand 1 (PSGL=1) is a protein specifically expressed on the cell
membrane of leukocyte. In immune defense, the leukocytes need to reach the inflammation
site through passage of the blood circulation, the then roll on, adhere to, and finally
transmigrate between the endothelial cells and infective site (Appendix 6a). The binding
between PSGL-1 of leukocyte and P-selectin of endothelial cells is essential for leukocyte
adhesion in this inflammatory response (Kehoe and Bertozzi, 2000). Furthermore, the
N-terminal of PSGL-1 contains three sulfated-tyrosine residues, which is the key point for the
binding (Pouyani and Seed, 1995) (Appendix 6b). Treating tyrosine-sulfated PSGL-1 with
bacterial arylsulfatase reduced the binding ability to P-selectin (Wilkins et al., 1995), and the
results were also supported by point mutagenesis of tyrosine (Sako et al., 1995). As a result,
TPST has become a therapeutic target for autoimmune diseases caused by chronic

inflammation, such as rheumatoid arthritis and multiple sclerosis (Hsu et al., 2005).

1.4.3 Hemostasis and anticoagulation

The biological function of tyrosine sulfation is also involved in hemostasis. Platelet



aggregate (thrombus) is formed when blood vessels are injured, and coagulation factor VIII
and von Willebrand factor (vWF) play important roles in the regulation of hemostasis. The
binding between the two can form a stable complex in circulating blood. The sulfation of
tyrosine residue (Tyr1680) in Factor VIII is essential for this binding, thereby tyrosine
sulfation increases the circulating half-life of factor VIII (Leyte et al., 1991). Moreover, the
complete mechanism of platelet attachment is accomplished by vWF that bridges
subendothelial collagen and platelet membrane protein GP Iba. The binding between vWF
and n GP Iba is dependent upon the sulfation of three tyrosine residues (Tyr276, 278, 279)
(Marchese et al., 1995).

In anticoagulation, hirudin, a potent anticoagulant protein secreted in the saliva of the
leech, is sulfated at Tyr63. The tyrosine sulfation of hirudin has a 10-fold higher affinity for
thrombin than unsulfated form, which prevents coagulation by inhibit thrombin (Stone and

Hofsteenge, 1986).

1.4.4 TPST knockout animal model

TPST knock-out mice was generated by the Moore group in 2008. TPST 1 -/- mice
appear healthy and with normal fertility, but have effects on body weight (5% lower),
fecundity (smaller litters), and postnatal viability (Ouyang et al., 2002). The characteristics
of these mice suggest that specific proteins are involved in the regulation of body weight and
reproductive physiology, which require tyrosine sulfation for optimal function. TPST2 -/-
female mice had normal reproductive performance, but males revealed a severe defect of
fertility. Furthermore, the Moore group identified two proteins from mice epididymis,
Rnase9 and Mfge8, which are tyrosine sulfated in wild type mice but not in TPST2 -/- mice.
This result suggests that lack of tyrosine sulfation may contribute to the infertility of TPST2
-/- mice (Hofthines et al., 2008). TPST double knock-out mice were born in normal size,

but a majority dies in the early postnatal period with signs of cardiopulmonary insufficiency,



due to the failure of lungs expansion at birth resulting in acute pulmonary hypertension, and
death by asphyxia. Some knockouts survive the postnatal period, but fail to thrive and may
display delayed growth due to hypothyroidism (Westmuckett et al., 2007). In addition to
hypothyroidism, the growth-retard (grt) mouse model has a severe thyroid hypoplasia, and
shows a missense mutation of a highly conserved region of TPST2 gene. Since
thyroid-stimulating hormone receptor (TSHR) is one of the substrate for TPST2 and grt leads
to a loss of TPST2 activity, tyrosine sulfation of TSHR by TPST2 might be crucial for TSH

signaling and resultant gland function (Sasaki et al., 2007).

1.5 Bottlenecks of protein sulfation researches

Recently, more and more evidenceé indicates how important protein sulfation is in
eukaryotes and the possible physiological pathways that protein sulfation may be involved.
However, in the last five decades of studies on this topic, many questions remain unknown
about TPSTs and protein sulfation. «The bottlenecks of studying TPSTs include the difficulty
of characterizing TPST due to the lack of source of homogenous protein samples. It is not
easy to develop a fast and accurate assay for quantitative kinetics analysis without a
homogenous source of protein. Moreover, tyrosine O-sulfate may not be stable on the
tyrosine residue of TPST substrate, which makes it difficult to detect or isolate sulfated
proteins and peptides. Previous researches on protein sulfation had always focus on few
TPST substrates as described above, therefore the understandings of TPST’s roles are
restricted by the biological regulations and pathways of those few substrates. In order to
systematically analyze the roles of protein sulfation in physiological regulation, a large-scale
screening tool must be developed. Proteomics is a powerful and well established technique
for the studying of PTMs, especially for many successful researches on glycosylation and
phosphorylation. Therefore, application of this technique seems to be the optimal choice in

studying the physiological regulation and pathways of tyrosylprotein sulfation by identifying



the upstream and downstream of proteins that are related to TPST.

1.6 Tyrosylprotein sulfotransferase in Drosophila melanogaster

Most vertebrates (such as rat, cow, chicken, zebrafish, African clawed frog) and
invertebrates (such as Anopheles gambiae (mosquito), and Caenorhabditis elegans) have two
TPSTs. It is interesting to note that Drosophila melanogaster is the only specie that was
discovered to contain a single TPST gene (Moore, 2003). Therefore, D. melanogaster is a
good model to study TPST, which a complete elimination of protein sulfation modification
can be reached by a simple knockout of a single gene. Many advantages of using D.
melanogaster as a study model include the short generation time and easy growth. The
completion of genomic database is helpful for protein identification and its function, any kind
of transgenic fly including TPST RNAIi lines can be easily purchased from commercial
company, and finally mRNA' of TPST is highly expressed in several tissues of D.
melanogaster (Table 1). The mRNA expression of TPST is abundant in reproductive organs,
salivary gland, and nervous system. (brain, head, and thoracicoabdominal ganglion). The
Moore group conducted a series of successful researches on the relationship between tyrosine
sulfation and reproductive system, and also identified a number of tyrosine-sulfated proteins
from mice epididymis. As for salivary gland, a peptide secreted from submandibular gland,
called histatin, had confirmed the presence of sulfotyrosine residues (Cabras et al., 2007).
Nevertheless, it is interesting to notice that TPST is highly expressed in the neuron, but its

function of TPST in the nervous system is yet to be examined.

1.7 Tyrosylprotein sulfotransferase in nervous system
So far, cholecystokinin (CCK) is the only TPST substrate found in the nervous system,
and it functions as hormonal regulators of various digestive processes and feeding behaviors.

However, no neuronal function has been elucidated for CCK (Nichols et al., 1988), except it



has been suggested that CCK administration causes nausea and anxiety, and induces a
satiating effect (Greenough et al., 1998). More importantly, the question remains in what
the function of TPST is in the nervous system due to its highly expressed mRNA. In the
present study, neuron-specific TPST knockout of transgenic D. melanogaster is used as an
animal model to systematically identify the possible TPST-regulated protein based on
proteomic system, and to further investigate the physiological roles of these proteins. The
results may help to obtain a greater understanding about the biological roles of TPST in

tyrosine sulfation post-translational modification.


http://en.wikipedia.org/wiki/Nausea
http://en.wikipedia.org/wiki/Anxiety

Chapter 2 Experimental Procedures

2.1 Materials
2.1.1 Fly Strains

UAS-CG32632"™4 lines (transformant ID: 22915, 23777, 41596, 41597, and 41925)
were purchased from Vienna Drosophila RNAi Center (VDRC), and a neuron-specific Gal4
driver line, Appl-Gal4 line, was kindly provided by Prof. Horng-Dar Wang’s lab (National
Tsing Hua University, Taiwan). Appl-Gal4 was used to cross with UAS-CG32632%*1 to
express double-stranded RNA interference (Figure 2), or each of them crossed with wild type
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fly w' ° as controls. All flies were incubated in 12 hr day/night cycle incubator at 25°C and

60-70% humidity, raised and maintained with standard fly food.

2.1.2 Oligonucleotide primers

Oligonucleotide primers ‘were synthesized by Mission Biotech Co., Ltd. (Taiwan). The
primers for CG32632 are.  5’-AATGGCAGCTGCTTTATCGT-3> (forward) and
5’-CATGCTGTCCGTGCTCG-3’ (reverse); the primers for Superoxide dismutase [Cu-Zn]
(SOD1) are 5’-TTGACTTGCTCAGCTCGTGT-3’ (forward) and

5’>-CACGGTTTTCTTCGAACAGG-3’ (reverse).

2.1.3 Proteomics

The 13-cm Immobiline DryStrip (pH 4-7), IPG strip buffer (pH4-7), 87% glycerol, and
DryStrip cover fluid were purchased from GE Healthcare Bio-Science (NJ, USA). The
protein maker kit was purchased from Fermentas (Harrinton, Canada). The RC DC protein
assay kit and 40% acrylamide/bis solution 29:1 were obtained from BioRad (Richmond, CA,
USA). Sequencing-grade modified trypsin was purchased from Promega (Mannheim,

Germany). Other chemicals: agarose was purchased from Amresco; acetic acid was



purchased from Fluka; 37% formaldehyde, glycine, trifluoracetic acid (TFA), and urea were
purchased from J. T. Baker; methanol was purchased from Mallinckrodt; isopropanol was
purchased from Merck; potassium hexaxyano ferrate (III) and Zinc sulfate were purchased
from Panreac; sodium carbonate was purchased from Riedel-de Haén; ammonium bicarbonate,
bromophenol blue, ethylenediaminetetraacetic acid (EDTA), imidazole, iodoacetamide (IAA),
silver nitrate, sodium acetate, sodium thiosulphate, tetramethylenediamine (TEMED), triton
X-100, and trypsin were purchased from Sigma-Aldrich; ammonium persulfate (APS),
3-[(3-cholamidopropyl) dimethylammonio]

-1-propanesulfonate (CHAPS), dithiotreitol (DTT), sodium dodecyl sulfate (SDS), and tris

were purchased from USB.

2.2 Methods
2.2.1 RT-PCR

1- to 3-days old male flies were homogenized by pestle, total RNA was extracted with
REzole, and then 5 pg of the total RNA was reverse transcribed with random hexamer primer.
For each cDNA preparation, a control synthesis reaction was treated with DNase on 37°C for
25 mins to ensure that there was no contaminating genomic DNA. The resulting cDNA
library was subjected to PCR with primers. The products of PCR were analyzed by
electrophoresis on 1% agarose gels, and then visualized using ethidium bromide (EtBr).

rp49 gene was used as an internal standard among different lines.

2.2.2 Sample Preparation

Whole flies were washed 3 times with PBS, and then the total protein of the whole fly
were extracted using ultrasonication with lysis buffer containing 8 M urea, 2% CHAPS, 1%
v/v Triton X-100, 0.1% w/v SDS, and 5 mM DTT. The extract was boiled at 95°C for 5

minutes following centrifugation for 10 mins at 15000Xg for several times until the
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supernatant was clear.

2.2.3 Protein Quantitation

Using BSA as a standard, protein quantitation of the homogeneous from D. melanogaster
was estimated by a colorimetric assay (RC DC protein assay, Bio-Rad). Reagent A’ (2.5 21
DC Reagent S and 125 1 DC Reagent A) was prepared for each sample. Mix 25 ¢ 1 of
sample (25X dilution with extraction buffer) with 125 ;21 RC Reagent I.  After gently vortex,
125 121 of RC Reagent Il was added, and centrifuge at 15000Xg for 10minutes. The protein
pellet was mixed with 127 ;£ 1 Reagent A’, and then after the incubation for 5 minutes until the
pellet was dissolved, added 1ml of DC Reagent B into the solution. Incubate the solution at
room temperature for 15 minutes, and finally abserbance can be read at 750nm with UV/VIS

spectrophotometer.

2.2.4 Two Dimensional Electrophoresis

IEF: 200pg or 500pg of the total proteins were loaded depending on the detection
methods (silver/SYPRO Ruby stain or negative stain). The proteins were mixed with the
rehydration buffer (8 M urea, 2% w/v CHAPS, 0.5% v/v IPG buffer pH 4-7, 0.002%
bromophenol blue, and 18.2 mM DTT), and then eletrofocused in DryStrip using the
following protocol with 50uA per strip at 20°C: (1) rehydration for 12 hours; (2) 500V for
500VHTr (step and hold); (3) 1000V for 1000VHr (step and hold); (4) 3000V for 3000VHr
(gradient); (5) 5000V for 5000VHr (gradient); (6) 8000V for 8000V Hr (gradient); (7) 8000V
for 40000VHr (step and hold). For silver stain and SYPRO Ruby stain, the strips were
shaken for 15 minutes with first equilibration buffer (6 M urea, 29.3% v/v glycerol, 2% w/v
SDS, and 75 mM Tris-HCI at pH 8.8) which contain 1% DTT, and then were shaken for 15
minutes with second equilibration buffer which contain 2.5% IAA. For reverse stain, the

strips were shaken for 2X15 minutes with equilibration buffer.
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SDS-PAGE: the strips were transferred onto 12.5% second-dimensional SDS-PAGE
(1.5mm for silver stain or 1.0mm for negative stain) with the following protocol: (1)

15mA/strip for 30minutes at 4°C; (2) 30mA/strip for 5.5 hours at 4C.

2.2.5 Protein Staining and analysis of 2-DE gels

Silver stain: fixation (40% methanol, 10% acetic acid) for overnight; sensitization (30%
methanol, 0.2% w/v sodium thiosulphate, 0.5M sodium acetate) for 30 minutes; washing
(ddH,0) for 3X5 minutes; silver reaction (0.25% w/v silver nitrate) for 20 minutes; washing
(ddH,0) for 2X1 minute; developing (2.5% w/v sodium carbonate, 0.02% formaldehyde) for
3-5 minutes; stopping (0.05M EDTA) for 10 minutes; washing (ddH,O) for 3X5 minutes;
preserving (8.7% glycerol, 30% methanol) for 1 hour.

Reverse stain: fixation (40% methanol; 10% acetic acid) for overnight; neutralization
(tris, glycine, SDS) for 2X30 minutes; solution'1 (200mM imidazole, 0.1% SDS) for 1 hour;
washing (ddH,O) for 2X 1 minute; selution I (300mM zinc sulfate) for 1-2 minutes; stopping
(ddH,0).

SYPRO Ruby staining: fixation (40% methanol, 10% acetic acid) for overnight; the gel
was staining with SYPRO Ruby protein gel stain (Bio-Rad) for 16-18 hours; Rinse the gel in
10% methanol and 7% acetic acid for 1 hour, which to decrease the background fluorescence;
finally was the gel before imaging. In SYPRO Ruby staining gel, it is readily visualized
using a UV or blue light source box.

Digital images of the gels were scanned by ImageScanner, and analyzed using
ImageMaster 2D Platinum software V5.0 (GE Healthcare Bio-Science). The spots were
detected and the background was subtracted (mode: average on boundary), and the gels were
aligned and matched. A quantitative determination of the spots volumes was performed
(mode: total spot volume normalization). Specific spots, either upregulated or

downregulated, were excised for further identifying by MS analysis.
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2.2.6 In-gel Digestion of Protein Spots in 2-DE gels

Specific spots, either upregulated or downregulated, were excised from the gels. The
gel particles were washed with 50mM NH4HCOs/acetonitrile (1:1) for 15 minutes, and then
silver destain solution (15mM K;Fe(CN)g, SOmM Na,S,03) was used to destain the gel
particles within 2X10 minutes. After removing the solution, we washed the gel particle in
20mM ammonium bicarbonate until it became colorless. The remaining liquid was removed,
and then the gel particles were shrunken by adding just enough acetonitrile to cover the gel.
Finally, the gel particles were dried down for 15-20 minutes at room temperature. (In
reverse stain, the gel particles were swelled in 10mM DTT/25mM NH4HCO; for 1 hour at
56°C, and then we replaced the solution by 55mM IAA/25mM NH4HCO; for 30minutes at
room temperature. The gel particles were washed - with 50mM NH4HCOs/acetonitrile (1:1) for
15 minutes, then shrunk and dried down following the steps described before.) The proteins
in the gel particles were digested in the enzyme solution (25mM NH4HCO; with 5ng/ul of
trypsin) at 4°C for 1 hour, and then incubated at 37'C overnight by adding 3ul of 25mM
NH4HCOs;. The digests were sonicated in a water. bath for 10 minutes, and then 50%
acetonitrile with 1% TFA was added. Finally, the supernatants were collected for analysis of

MALDI-TOF-MS.

2.2.7 Protein Identification by MALI-TOF Mass Spectrometry
The MS raw data were processed by searching the protein databases (Swiss-Prot, MSDB,

NCBInr) using MASCOT (http://www.matrixscience.com).  To denote a protein as

unambiguously identified, the Mowse scoring algorithms were used. Only proteins whose

score exceeded the significance threshold (P<0.05) were concerned.

2.2.8 Oxidation Stress Assay of Flies from APPL-GAL4>UAS-TPSTRA APPL-GALA4/+,

and UAS-TPSTRNAT /4
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The young male flies about 1- to 3-days old were collected for oxidative stress test.
The flies were fed with 10mM paraquat in 5% sucrose water once a day (16:30). The dead
fly number was counted every 4 hours (00:30, 8:30, 12:30, 16:30, 20:30) till all flies were
dead. Each tube contained about 20 flies, and at least 100 flies were included for each line.
The statistical significance of the observed change in the stress test was evaluated by using

Student’s t test.
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Chapter 3 Results

3.1 TPST mRNA distribution of wild type D. melanogaster

The expression of TPST mRNA of TPST varied in different tissues from the analysis of
Affymatrix Dros2 expression arrays whose results deposited in Flyatlas (http:/flyatlas.org/).
Flyatlas showed that TPST gene was highly abundant in several tissues, such as spermatheca,
male accessory glands, salivary gland, and in the nervous system, including head, brain, and
thoracicoabdominal ganglion as shown in Table 1. The mRNA signal of over 100 indicated
as being abundant and over 1000 as remarkable. The present call showed how many of the
four arrays for each sample actually gave a detectable expression. The enrichment displayed
how much higher the signal is in a_particular tissue than in the whole fly, which indicated
whether the gene is tissue-specific.” The biological rules of the higher mRNA expression on

these tissues will need to be further clarified.

3.2 TPST mRNA expression in neuron-specific knockdown D. melanogaster

To determine whether TPST™™* can sufficiently knockdown TPST in the nervous system
of flies, five different RNAI lines were crossed with Appl-Gal4 line. By using rp49 as an
internal control, total mRNA of APPL-GAL4>UAS-TPSTRNAi, UAS-TPSTRNA alone, and
APPL-GALA4 alone were extracted from male flies and proceeded with RT-PCR, respectively
(Figure 3). APPL-GAL4>UAS-TPSTRMA representing the TPST gene was knocked down
in the nervous system of flies; UAS-TPST""/+ and APPL-GAL4/+ represents the control
groups. The relative quantities of TPST mRNA were analyzed and showed that only one
(41596) of the five transgenic flies had a statistically significant decrease in TPST mRNA
content compared to Appl-Gal4 and UAS-TPST*™*! lines alone (Figure 4). This decrease of
TPST mRNA content might correspond to the relative quantity of TPST in the pan-neuron

showed in Table 1. Therefore, this RNAI transgenic line (41596) was chosen for further
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experiments.

3.3 Proteome analysis of neuron-specific TPST knockdown D. melanogaster

The two-dimensional electrophoreses was utilized to spread the protein spots of D.
melanogaster proteome, and 13-cm drystrip with pH 4-7 as well as 12.5% SDS-PAGE were
optimized for analytical condition. The gels were repeated at least three times in each line of
flies, and combined all together for further spots analysis. Approximately 1200 protein spots
were detected under silver stain for each gel. However, only the protein spots that up and
down-expressed in APPL-GAL4>UAS-TPST""* fly compared to both of the control groups
were considered as shown in Table 2. The protein expression of 22 proteins spots were
considered to be significantly changed; including 4 proteins were up-regulated (spot 1, 5, 7,
17) and 18 proteins were down-regulated (spot 2-4, 6, 8-16, 18-22).  Arrows represented that

the protein spots were up-expression (Figure 5a; b, ¢):

3.4 ldentification of proteins: changes in neuron-specific TPST knockdown of D.
melanogaster

According to the analysis of two-dimensional SDS PAGE, 22 protein spots were excised
from the gel and in-gel digested by trypsin after SYPRO Ruby staining, only 9 protein spots
were identified by MALDI-TOF mass spectrometer as shown in Table 3. The up-regulated
proteins were retinoblastoma-associated protein B (GE16567, Appendix 7a) which may
involve in retinal cancer; phosphoenolpyruvate carboxykinase (GA10647, Appendix 7Q)
which may involve in gluconeogenesis; and CG9062 which may involve in pre-mRNA
processing and cytoskeleton assembly (Appendix 7e). The down-regulated identified
proteins were cytochrome P450 4e3 (CG4105, Appendix 7b) and superoxide dismutase
[Cu-Zn] (CG11793, Appendix 7i) that were responsible for oxidative stress;

fructose-bisphosphate aldolase (CG6058, Appendix 7h) that is involved in glycolysis; alanine
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dehydrogenase (GA20134, Appendix 7f) that is involved in metabolic process; CG31779,
which has serine-type endopeptidase inhibitor activity (Appendix 7¢); and GM05777p with
an unknown function (Appendix 7d). From these identified proteins, the TPST somehow
regulated the stress tolerance by down-regulated cytochrome P450 4e3 and superoxide

dismutase [Cu-Zn].

3.5 Oxidative stress assay of neuron-specific TPST knockdown in D. melanogaster

In order to identify the possible physiological pathway of TPST in the nervous system of
D. melanogaster, stress tolerance was chosen since proteins had been identified to involve in
oxidative stress. The oxidative stress induced by 10mM paraquat revealed that the
neuron-specific TPST knockdowned. flies whose mean survival time (103.6 = 13.3 hrs) were
significant long compared to the UAS-TPST™*! alone (37.8 + 7.3 hrs) and APPL-GAL4
alone (78.6 + 8.3 hrs) in Figure 6. The neuron-specific TPST knockdowned flies displayed
an increasing in survival time of 2.74-fold compared to UAS-TPST*! flies and of 1.32-fold

compared to APPL-GALA flies.

3.6 mRNA expression of superoxide dismutase [Cu-Zn] in neuron-specific knockdown D.
melanogaster

Although the protein spots of superoxide dismutase [Cu-Zu] (SOD1) disappeared on the
two-dimensional electrophoresis gel, however Figure 7 shown that the mRNA expression of
SOD1 in neuron-specific TPST knockdowned flies remained to have no difference compared
to the two controls. Therefore, the down-regulation of SOD1 did not result from the mRNA
expression in gene level. Moreover, Flyatlas performed that SOD1 was highly abundant in a
majority of D. melanogaster tissues as shown in Table 4, which also indicates that the SODI

was expressed ubiquitously in D. melanogaster.
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Chapter 4 Discussions

Tyrosine sulfation was discovered in 1950s by the first sulfated protein, bovine
fibrinogen (Bettelheim, 1954), and then tyrosylprotein sulfotransferase was denoted as the
enzyme that catalyzed this reaction in 1983 (Moore, 2003). Protein sulfation has been
largely researched over the past 50 years, however, a number of bottlenecks serve as
challenges in previous studies, such as the difficulty of sourcing the homogeneous enzyme,
limited information of enzyme characteristics (kinetics), unstable sulfated groups on the
substrate, and lack of sensitive detecting methods for the sulfate group. Tyrosine-sulfated
proteins have been indentified in physiological processes, including coagulation, leukocyte
adhesion, chemokine signaling, and HIV entry (Seibert and Sakmar, 2008). At present, the
understandings of TPST function are confined on the specific substrate involved in biological
functions as described above. “In order to Systematically analyze the roles of protein
sulfation in physiological regulation, we designed a proteome-wide screening tool that
basically relied on proteomic techniques. Drosophila melanogaster was chosen as the
source of study animal, due to it can grow easily, short generation span, well-established
genomic database, commercial transgenic lines, and more importantly, D. melanogaster only
has a single TPST gene (Moore, 2003). The amino acid sequence of TPST in D.
melanogaster shares 58% and 56% with human TPST1, and TPST2, respectively (Figure 8).
Approximately 75% of known human disease genes have a recognizable match in the genetic
code of D. melanogaster, and 50% of D. melanogaster protein sequences have mammalian
analogues (Reiter et al., 2001) which makes D. melanogaster an appropriate animal model for
pathological studies on TPST.

To study the biological function of protein sulfation, knockdown endogenous TPST by
RNAI technique in D. melanogaster is the most direct way. At present, TPST knockout

mice was developed by Moore group, and the dysfunction of TPST has been indicated to
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cause a severe defection of sperm motility which reveals that protein sulfation may be
involved in the reproductive system (Hoffhines et al., 2008). Moreover, there is no
information available about the relationship between protein sulfation and neurons, we are
interested in focusing on neuron-specific knockdown due to the highly mRNA expression of
TPST in the D. melanogaster nervous system (Table 1). The neuron-specific driver,
APPL-GAL4, was used to cross with five different UAS-TPST®™' transgenic flies as our
animal sources; only one had accomplished the neuron-specific knockdown in statistical
significance compared to the controls, APPL-GAL4 alone and UAS-TPST*™A! alone (Figure
3,4). The mRNA was extracted from whole flies, therefore, the result of RT-PCR does not
directly indicate the knockdown in the nervous system, and instead, represents the knockdown
of TPST in the whole fly. Theoretically, 'the two controls, APPL-GAL4 alone and
UAS-TPST*™A! alone, should have similar quantity .of TPST mRNA expression. Figure 3
shows the two controls have different relative quantity of TPST, which may contribute to the
distinct genetic background by different maintenance and growing conditions between the two
controls.

Total proteins were extracted from" 1-7 day-old male flies with ultrasonication, and
200pg protein were loading onto each drystrip. pH4-7 Drystrips were chosen because the
protein spots mostly tended to be distribute in the acidic region. Approximately 1200
proteins spots were visualized for each SDS-PAGE after silver staining, and different patterns
of protein spots varied by different extracting methods. It has been estimated that only about
8% of the protein encoded by the genome could be analyzed in a two-dimensional
SDS-PAGE of a total protein extract of D. melanogaster (Ericsson, 1999). Twenty-two
protein spots showed a significant difference when compared with the controls, with 4
proteins up-regulated and 18 down-regulated. Among those protein spots, a number of spots
seemed to have a pl shifting on the gel. Only 9 proteins were identified from MALDI-TOF

mass spectrometry after preceding an in-gel trypsin digestion with trypsin. The protein loss
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during the process of in-gel digestion could be a reason to decrease the protein identification
of mass spectrometry. More importantly, however, the visualizing method, silver staining in
this study, was the major cause for the low efficiency of protein identification by mass.
Although silver staining methods have raised the detection limit to the nanogram range, the
protein identification of excised spots was often an obstacle that cannot be overcome easily
(Poland et al., 2005). In order to solve the problem, the silver staining gels are usually
treated as an analytical gel; other staining methods are then used as preparative gel for mass
identification, such as coomassie staining, reverse staining, and SYPRO Ruby staining
(Sasse and Gallagher, 2004). We chose SYPRO Ruby and reverse staining for the
preparative gel, and the mass analysis results were shown in Table 3 and Appendix 7a-i.

The neuron-specific knockdown ‘flies. down-regulated two oxidative stress proteins:
cytochrome P450 4e3 (Cyp4e3) and superoxide dismutase [Cu-Zn] (SODI1). Superoxide
dismutases is an ubiquitous enzymes that functions to efficiently catalyze the dimutation of
superoxide anions (Zelko et al., 2002), which is known to protect organisms from reactive
oxygen metabolites (Goulielmos et al., 2003). SODI is widely distributed and comprised
90% of the total SOD (Noor et al., 2002), the mRNA expression of D. melanogaster is shown
in Table 4. 1t is obvious to notice, however, that the protein spot of SOD1 (spot 20) in the
gel was completely disappeared in TPST knockdown flies (Figure 5). Interestingly, TPST is
only knocked down in nervous system, but it caused SODI, expressed ubiquitously, to
completely vanish in silver staining vision. Besides the actual down-regulation of the
protein, the disappearance of protein spot could be contributed to the change of either
isoelectric focusing point or the molecular weight of the protein, which caused a spot shift.
Further confirmation is needed for the clarification.

Based on the down-regulated Cyp4e3 and SODI1, implications can be made that the
neuron-specific knockdown flies tended to suffer stress more easily, especially oxidative

stress.  In the oxidative stress assay, we used paraquat to increase the quantity of free radical
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in D. melanogaster. An unexpected result revealed that the mean survival time of the TPST
knockdown flies was much longer than UAS-TPST*™*! alone for 66 hours and APPL-GAL4
alone for 25 hours, (Figure 6). The longevity of the APPL-GAL4 alone might need to be
clarified in advance. The incredible longevity of neuron-specific TPST knockdown flies
seems to be an opposite result as we expected. Oxidative stress has been reported to be a
common underlying mechanism in the pathogenesis of many neurodegenerative disorders
such as Alzheimer, Huntington, and Parkinson disease (Gruenewald C et al., 2009).
Previous researches on SODI1 and neuron have indicated that overexpression of SODI1 in D.
melanogaster can reduce oxidative damage (Landis and Tower, 2005), extend lifespan (Parkes
et al., 1998) (Sampayo et al., 2003), and neuron protection (Botella et al., 2008). The
overall evidence reveals that down-regulated SOD1 should decrease the survival rate of TPST
knockdown flies in oxidative. stress assay. Nevertheless, our result is in conflict with
previous findings. The disappearance of the SOD1 (spot 20) on the two-dimensional
SDS-PAGE did not result from the mRNA"depletion on the gene level, which was proved by
RT-PCR (Figure 7).

Moreover, there is only a single TPST gene in D. melanogaster by the analysis from
BLAST. The TPST gene, however, might express two isoforms, Tango-PB and Tango-PC,
with different length of amino acids. The difference between these two isoforms is that
Tango-PB possessed extended C-terminal 150 amino acid residues with polyglutamine (polyQ)
and polyasparagine (polyN) (Figure 9). A number of neurodegenerative diseases are
characterized by the formation of intracellular protein aggregates and neurodegeneration.
The polyQ sequence can easily cause protein misfolding and the formation of inclusion body
(Nagai and Popiel, 2008). In the neurons, polyQ protein inclusion are aggregated which
probably induce neurotoxicity (Li et al., 2008). Therefore, the neurons are protected by
knockdowning TPST in nervous system, which decreases the inclusion proteins conducted

from the aggregation of Tango-PB. Finally, it increased the survival rate of D. melanogaster.
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Further confirmation is certainly needed for this inference.
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Chapter 5 Conclusion

Protein sulfation had been extensively researched for more than 50 years, but there
remains a lot of questions and basic knowledge that still needs to be investigated. The
present study serves as the first to examine the tissue-specific sulfoproteomics by using
Drosophila melanogaster as the animal model. TPST in nervous system is specifically
knockdown due to the highly TPST mRNA expression in the head and brain of the D.
melanogaster. By the manipulation of RNA interference technique and GAL4-UAS system,
the TPST in the nervous system was successfully knockdowned with statistical significance.
Proteomic analysis following protein identification from mass spectrometry revealed that
protein tyrosine sulfation might be involved in metabolism and oxidative stress. Moreover,
the oxidative stress assay showed the surprisingly tresult that the neuron-specific TPST
knockdown flies had remarkably longer survival rates. These results are important to
comprehend the biological roles and regulatory actions of protein tyrosine sulfation in the

nervous system.
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Tables

Table 1. The tyrosylprotein sulfotransferase gene expression analysis of adult D.
melanogaster (FlyAtlas).

Tissue mRNA Signal Present Call  Enrichment Afty Call
Brain 264 £ 10 4 of 4 2.8 Up
Head 141+ 6 4 of 4 15 Up
Eye 141+ 15 4 of 4 1.51 Up
Thoracicoabdominal

i 216 £ 15 40f4 2.3 Up
ganglion
Salivary gland 118+8 4 of 4 1.26 None
Crop 64 +2 4 of 4 0.7 Down
Midgut 108 +3 4 of 4 1.1 None
Tubule 156 + 14 4 of 4 1.7 Up
Hindgut 65+3 4 of 4 0.7 Down
Heart 18311 4 of 4 1.95 Up
Fat body 306 £49 4 of 4 3.25 Up
Ovary 128 £2 4 of 4 1.4 Up
Testis 52+3 4 of 4 0.6 Down
Male accessory glands | 580 + 23 4 of 4 6.2 Up
Virgin spermatheca 946 =50 4 of 4 10.05 Up
Mated spermatheca 857+ 98 4 of 4 9.11 Up
Adult carcass 139+ 13 4 of 4 1.5 Up
Larval CNS 134+ 11 4 of 4 1.43 Up
Larval Salivary gland 504 £ 24 4 of 4 5.36 Up
Larval midgut 113£6 4 of 4 1.21 None
Larval tubule 89+9 4 of 4 0.9 None
Larval hindgut 94+ 8 4 of 4 1.01 None
Larval fat body 146 £22 4 of 4 1.6 None
Larval trachea 104+ 11 4 of 4 1.11 None
Larval carcass 82+1 4 of 4 0.88 None
S2 cells (growing) 140 £7 4 of 4 1.49 Up
Whole fly 94 +5 4 of 4
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Table 2. Criteria of selecting spots in 2-D gel for protein analysis.

APPL-GAL4> RNAI
UASTpgTRNA UASTPSTs APPL-GAL4/+
(6] (6] (6}
(0] X 0
(6] (6] X
Y 0 X X up-regulation
* X 0 0 down-regulation
X X 0
X (6] X
X X X

O indicated the up-expression of protein spot
X indicated the down-expression of protein spot
% indicated the up/down-regulation of protein spot that actually changing by TPST

knockdown system.
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Table 3. Protein changes in neuron-specific TPST knockdown Drosophila melanogaster.

Spot # ORF Names Protein Name (Possible) Function

1 GE16567 Retinoblastoma-associated protein B domain Retinal cancer up-regulated

2 CG4105 Cytochrome P450 4e3 Oxidation reduction down-regulated

3 CG31779 ACP24A4 Serine-type endopeptidase inhibitor activity down-regulated

4 GMO5777p Unknown down-regulated

7 CG9062 RE72568p Adaptor/regulatory modules in signal transduction up-regulated

pre-mRNA processing and cytoskeleton assembly

8 GA20134 Alanine dehydrogenase Metabolic process down-regulated
Rossmann-fold NAD(P)(+)-binding proteins

17 GA10647 Phosphoenolpyruvate carboxykinase Gluconeogenesis up-regulated

18 CG6058 Fructose-bisphosphate aldolase Glycolysis down-regulated

20 CG11793 Superoxide dismutase [Cu-Zn] Oxidation reduction down-regulated
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Table 4. The superoxide dismutase [Cu-Zn] gene expression analysis of adult D.
melanogaster (FlyAtlas).

Tissue mRNA Signal Present Call  Enrichment Afty Call
Brain 1789 + 20 4 of 4 1 None
Head 2451 £92 4 of 4 1.4 Up
Eye 3497+ 77 4 of 4 1.93 Up
g:ﬁ;ﬁg;oabdommal 2042 + 28 4 of 4 1.1 Up
Salivary gland 1642 + 45 4 of 4 0.91 None
Crop 3783 + 180 4 of 4 2.1 Up
Midgut 3002 + 31 4 of 4 1.7 Up
Tubule 3580 + 98 4 of 4 2 Up
Hindgut 2844 + 58 4 of 4 1.6 Up
Heart 5032 + 335 4 of 4 2.77 Up
Fat body 3763 +432 4 of 4 2.07 Up
Ovary 1413 £ 22 4 of 4 0.8 Down
Testis 554+ 10 4 of 4 0.3 Down
Male accessory glands | 951 +45 4 of 4 0.5 Down
Virgin spermatheca 2537441 4 of 4 1.4 Up
Mated spermatheca 2402 £ 117 4 of 4 1.32 Up
Adult carcass 4082+ 123 40f4 2.2 Up
Larval CNS 1432 + 69 4 of 4 0.79 Down
Larval Salivary gland | 2308 +134 4 of 4 1.27 Up
Larval midgut 1816 + 29 4 of 4 1 None
Larval tubule 2354 + 84 4 of 4 1.3 Up
Larval hindgut 1438 + 36 4 of 4 0.79 Down
Larval fat body 2970 + 294 4 of 4 1.6 Up
Larval trachea 1994 + 52 4 of 4 1.1 Up
Larval carcass 2034 £ 97 4 of 4 1.12 None
S2 cells (growing) 1201 £ 10 4 of 4 0.66 Down
Whole fly 1814 + 55 4 of 4
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Figure 1. The tyrosylprotein sulfotransferase reaction.. -TPSTs catalyze the transfer of sulfate
from the universal sulfate “donor PAPS to the hydroxyl group a luminally oriented
peptidyltyrosine residue to form a tyrosine O*-sulfate ester'and 3°, 5’-ADP.
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Enhancer Trap GAL4 UAS - TPST RNAI

&

— APPL (Enhancer) TN~ m L by TPSTRNAI o

3
Neuron-specific expression of Transcriptional activation of
GAL4 TPST RNAI

Figure 2. Directed gene expression in D. melanogaster. To generate transgenic lines
expressing GAL4 in neuron-specific patterns, the GAL4 gene is inserted randomly into the
genome, driving GAL4 expression from genomic enhancer (APPL). A GAL4-dependent
target gene can then be constructed by subcloning any'sequence behind GAL4 binding sites.
The target gene is silent in'the absence of GAL4. To activate the target gene in
neuron-specific pattern, flies carrying the target (UAS-TPST®™*) are crossed to flies
expressing GAL4 (Enhancer Trap GAL4).  In the progeny of this cross, it is possible to
activate UAS- TPST*™ in cells where'GAL4 is expressed and to observe the effect of this
directed misexpression on development.
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- N APPL-GAL4>UAS TPSTRNA
' [ UAS-TPSTRNAV+
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Relative quantity of mRNA
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Figure 3. TPST mRNA expression of five.neuron-specific TPST knockdown lines
detected by RT-PCR. The neuron-specific-TPST (black) was knockdowned compared to
flies carrying UAS-TPST""* alone (light gray) and APPL-GAL4 alone (dark gray).
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Figure 4. RNAIi knockdown of TPST in the fly detected by RT-PCR. The neuron-specific
TPST knockdown by APPL-GAL4. The neuron-specific TPST (black) was knockdowned
compared to flies carrying UAS-TPST®"* alone (light gray) and APPL-GAL4 alone (dark
gray), whose P<0.05. The p values were calculated by Student’s t test. All experiments
were carried out with at least three independent replicates.
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Figure 5. 2-D electrophoresis 0 ST knockdown fly and two controls.
(a)APPL-GAL4>UAS-TPST, Al/+: (c) APPL-GAL4/+. The arrow
indicates the up-regulated protein expression. The flies ranging from 50 to 100 were
homogenized by ultrasonication. The 2-D electrophoresis was performed under 13-cm
Immobiline DryStrips with pH 4-7 for isoelectric focusing and then 12.5% SDS
polyacrylamide gels with silver staining. Spot 20 is the protein spot of superoxide dismutase
[Cu-Zn].
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Figure 6. Oxidative Stress Assay of .neuron-specific TPST knockdown flies. The 10 mM
paraquat was treated to neuron-specific TPST knockdowned flies (black), UAS-TPSTN
alone (light gray), and APPL-GAL4 alone (dark gray). The knockdown flies have
remarkably longer survival rate compared with the two controls, whose P<0.001. The p
values were calculated by Student’s t test.
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Figure 7. The mRNA of "superoxide ‘dismutase [Cu-Zn] (SOD1) remains intact in
neuron-specific TPST knockdown flies as measured by RT-PCR.
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hTPST1 MVGELEQNLLLACTV I SSVIVE Y LGQHAMECH-HRTEERSQEVELESTRTTVETGLDLER 59

hTIESTZ2 MBRLSVEEVLLAAGCAT VIV LAV LGV LECR-AVLAGLRSFRGAMR PEQEELVMVETN- 58
dmTEST MELEYENEEVTLWVLFGI IVITMFLFEFTELRETCLFEVDARNELSSOMVEVEREYLTDDN &0
* - . . P . .
hTEST1 HETFAYHEDMPLIFIGGVPRSGTI TIMEAMI.DAHPDIRCGEETEVIPRILATEOMWSESSE 119
hTESTZ2 HVEYRYGEAMPLIFVEEVPRSGITIMEAMI.DAHPEVRCGEETRT TPEVLAMEBORAWSKSGE 118
dmTPST QEVYSYNREMPLIFIGEVERSGTTIMEAMI.DAHEFINROGQETEVI PRILOLESHWLESEK 120
T N L T I T e P I E D T
hIPST1 EXIRLDERGVTDEVLDSAMOARFLLET IVKHGEPAPY LCHKDEFALKSLTYLSELFENAKE 179
hTESTZ2 EFLELDEAGVIDEVLDAEAMORFTLEVI AKHGEFARVLCHEDEFTLESSVYLSELFPHNIEEF 178
dmTPST ESLELOEARGTITEEVMNSATAQFCLET TAKHGEPAPRL.CHEDELTLEMGSYVIELFENAKF 180
k shkakkkak hkeasks ok kkak khkkhd  kkkkkhkaakd ka  kkkkaskw
hTIEST1 LIMVEDGRASVHSMI SEEVT IAGFDINSYRDCLTEWNEATETMYNOCMEVEYEECMLVHY 239
hTP3T2 LIMVEDGEASVHSMITREVT IAGFDLSSYRDCLTEWNEATEVMYRAOCMEVGEERCLEVYY 238
dmTEST LEMVEDGRATVHSIISEEVIITGFDLSSYRQCMOEWNHATEVMHEQCEDI GEDRCMMVYY 240
Ak kR Rk kAR a kR kR Hkknk: Rkhadkkd ks kk mamk  sks kak
hTEST1 EQLVLHFEEWMETLLEFLOT PWNHSVLHAHEEMT GERGEVSLIEVERSTDOVIKFVNVERAL. 299
hTIESTZ2 EQLVLHFRRSLELILDFLGIAWSDAV LHAEDL.IGEPEEVSLSETIERSTDOVIKEVNLERT. 298
dmTPST EQLVLHFEEWMEE T LEF LOVEWN DAV LHHEEFINKPHNGVELSEVERSSDOVIEFVNLERM 300
kkkkkHEk  omm o=k Kk 3 ok mkkkkkmak K kk kkkakkkakkAkkkhAk: Kk
hTEST1 SEWVGEIEFPDNLODMA YV T A PMIAKTL.GYDEYANPPNYGEPDEEI TENTREVYEGEFQLEDE 359
hTESTZ2 SEWIGHI PGOVWERDMAOT A PMTLAOLGY DEYANPENYGNFDEFVINNTQEVLEGDYETFAN 358
dmTEST SEWVEQIPGDVVEDMADI A PML SVLGY DEYANPEDYVEGRSHAVEGE— ———————— 348
ko ek khksekdk hkhkks Hkkkkhkkhdak s o= o= ow
hIPST1 LEEEFTEQVE—————— 370
hTESTZ2 LEGYFOVHONSTSSHIGSS 377
dmTPST @ @

Figure 8. Sequence alignment of human TPST1 (hTPST1), human TPST2 (hTPST2),
and D. melanogaster TPST (dMTPST). The sequence alignment is performed by ClustalW
(http://www.ebi.ac.uk/clustalw/). The * indicated identity to each other and the - meant
conserved substitutions.
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Tango-FB MELEYRNEEVI LWV LEGI IVITMFLFKFTELRFTCLFEVDAANELS SQMVEVEKYLTDDN &0

Tango-BC MELEYENEEVILWVLEGIIVITMFLFEFTELRFTCLFEVDARNELS SQMVEVEEYLTDDN &0
e T e T PP T T e

Tango-FB QEVYSYNEEMPLIFIGGVERSGT TIMEAML.DAHFIVECGUETEVIPRILOLESHWLESEE 120

Tango-BC QEVYSYNREMFLIFIGEVERSGI TIMEAML.DAHPIVRCGUETEVIPFRILQLESHWLESEE 120
T e e e T TP e P T PP T

Tango-FB ESLRLQELGT TEEVMN SAT A FCLET TAKAGEPAPRL.CNEDPLTLEMGSYVIELFENAKF 180

Tango-BC ESLELEAGT TKEVMNSATAQFCLEI TAKHGEFAFRL.CHEDELTLEMGSYVIELFENAKE 180
e T e T PP T T e

Tango-FB LEMVEDGRATVHSTIISEEVI ITGFDLSSYRQCHMOEWNHATEVMHEQCRDI GEDRCHMMVYY 240

Tango-BC LEMVEDGRATVHSIISEEVIITGFDLSSYRQCMOEWNHATEVMHEQCEDIGEDRCMMVYY 240
e T e T PP T T e

Tango-FB EQLVLHPEEWMEE T LKF LOVEWN DAV LHHEEF INKFNGVEFLSEVERSSDOVIKFVHNLEAM 300

Tango-BC EQLVLHPEEWMEK I LEFLOVEWN DAV LHHEEF INKFNGVELSEVER SSDVIKEVNLERM 300
e T e T PP T T e

Tango-FB SEWVEQIPGOVVEDMADT A PMLSWVLGY DEYANEFFDY GKFDAWV QDN T SELEANEMLWESE 360
Tango-BC SEWVGRIPGOVVEDMADI A PMIL.SVLGYDEYANPPDYVE-———————————————————— =3 340

e i e R s e R s

Tango-FB AECVLOMSSSEDDNTNT I INNSHNEDNNNNQYT INKT I FEQHSRQRQHEVOQOHLOQOORD 420

Tango-PC sveE---- 346
O

Tango-FB L QOHOR OO REEE SESEREAEFDREQULLAQKFKIV I TIKQLPLAGSHNNNINN 480

Tango-biC. . —-———biiiiiiiiiiiib—o—mrr—mm1omormro--——---—-—---------—-——-—

Tango-FB NINNNNNNNNIMEDEMADT 4359

Tango-#fC . --—-—-—rmr—-

Figure 9. Sequence alignment of D:.melanogaster TPST. Tango-PB and Tango-PC were
the two isoforms from one TPST gene. The sequence alignment is performed by ClustalW
(http://www.ebi.ac.uk/clustalw/). The * indicated identity to each other and the - meant
conserved substitutions.
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Appendices

PTM type
Phosphorylation
pTyr
pSer, pThr

Acetylation

Methylation
Acylation, fatty acid modification
Farnesyl
Myristoyl
Palmitoyl
eto.
Glycosylation
N-linked
Q-linked

GPl anchor

Hydraxyproline
Sulfation (sTyr)
Disulfide bond formation

Deamidation

Pyroglutamic acid

Ubiquitination

Nitration of tyrosine

AMass? (Da)
+80
+80

+42

+14

+204
+210
+238

=800
203, >800

=1,000

+16
+80
-2

+1

>1,000

+45

Stability®

e
e+

++4
e
e+

-
e+

++

+

+H+

4+

Function and notes

Reversible, activation/inactivation of enzyme activity,
modulation of molecular interactions, signaling

Protein stability, protection of N terminus. Regulation of
protein=DNA interactions (histones)

Regulation of gene expression

Cellular localization and targeting signals, membrane
tethering, mediator of protein-protein interactions

Excreted proteins, cell-cell recognition/signaling
O-GleNAg, reversible, regulatory functions

Glycosylphosphatidylinesitel (GPI) anchor. Membrane
tethering of enzymes and receptors, mainly to outer leaflet
of plasma membrane

Protein stability and protein-ligand interactions

Modulator of protein—protein and receptor-ligand interactions

Intra- and intermolecular crosslink, protein stability

Possible regulator of protein-ligand and protein—protein
interactions, also a commaon chemical artifact

Protein stability, blocked N terminus

Destruction signal. After tryptic digestion, ubiguitination site
is modified with the Gly-Gly dipeptide

Oxidative damage during inflammation

A more comprehensive list of PTM Amass values can be found at: http://fwww.abrf.orglindex.cfm/dm.home
bStability: + labile in tandem mass spectrometry, ++ moderately stable; +++ stable.

Appendix 1. Some common and important post-translation modifications (Mann et al.,

2003).
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Appendix 2. General ST-catalyzed reaction with PAPS as the cosubstrate (Chapman et al.,
2004).
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EXTRACELLULAR
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Transporter
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PAPS Sulfurylase P8 + PP;
Synthase| .o APS + ATP

Kinase DP +(PAPS
N
CYTOSOL

PAPS Translocase

Appendix 3. Sulfate activation and tyrosine O-sulfation. Inorganic sulfate enters the cell
by the action of one of several sulfate transporters. Once in the cytosol, sulfate is then
activated by the action of one of two PAPS synthases (PAPSS1 or PAPSS2). These
bifunctional enzymes contain a C-terminal ATP sulfurylase domain and an N-terminal
adenosine phosphosulfate (APS) kinase domain: . In the first step of sulfate activation, ATP
and inorganic sulfate are converted to APS and pyrophosphate by ATP sulfurylase. APS is
then channeled directly between the ATP sulfurylase and APS kinase active sites. In the
second step catalyzed by the APS kinase domain, a second ATP is consumed to
phosphorylate the 3’-hydroxyl of the ribose ring of APS to yield PAPS and ADP. PAPS is
then transported into the Golgi lumen by a PAPS translocase that has been purified but not yet
cloned. This transporter functions via an antiporter mechanism with PAP as the returning
ligand. Once inside the Golgilumen PAPS acts as the sulfate donor for TPSTs and all other
carbohydrate sulfotransferases, and the sulfated products are either secreted or retained in the
membrane of lysosomes, secretory vesicles, and/or the plasma membrane. TGN, trans-Golgi
network. (Moore, 2003).
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Appendix 4. Comparison of the expression level of TPST-1 and TPST-2 in 20 human
tissues. Human TPST-1 and. TPST-22 mRNA levels were quantified in arbitrary units,
normalized against b-actin signal.:" The data represent calculated mean values derived from
three experiments. The solid bars correspond to the levels detected for TPST-1, and the
open bars correspond to the levels detected for TPST-2/(Mishiro et al., 2006).
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Appendix 5. Schematic representation of cell entry by HIV-1 following sulfonation of
CCRS5 by a tyrosylprotein sulfotransferase (Chapman et al., 2004).
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Appendix 6. Tyrosine sulfation plays an important role in the immune response. (a)
Leukocytes roll upon, adhere to and transmigrate between endothelial cells at sites of
inflammation. P-selectin and its ligand, PSGL-1, are often required for this process. (b)
PSGL-1 is a mucinlike glycoprotein that appears to be an extended rod shape in vivo. The
extreme amino terminus of PSGL-1 carries three tyrosine sulfation sites, shown in yellow.
These sulfate esters, and specific glycans on PSGL-1, are key binding determinants for
P-selectin (Kehoe and Bertozzi, 2000).
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EIQERGVLLP
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of Hita

51
101
151
201
251
301
351
401
451
501
551
601
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LVGPPKSYNF
DGSAGESKLL
ERREQTVPVT
MGPVGSPLSK
HSVGTPKSGV
CFALRIGSTI
MMTPSLPGYK
PIAMDTIFRN
SGKPAAHPNS
YEARDWTHGV
SHWLSMEKRG
EKCFEDSPIG
FEEQVGGHLP

MTLITSEGII AEVSVTLLSY
KGILAADESG
ILFHETLYQK
LDDLAARCAQ
CQSQRIVPIV
LLKPNMVTAG
EATVNLSAIN
LKRAKANGEA

EIAQKIVAPG
PKLAENISGV
GSEDEVTTQG
ANVLARYASI
SDHHVYLEGT
TFLSGGQSEE
ENIAAGQONEL

RLVCRSLSVQ
QGLMLKQGTI
PKATPGTLGN
IGIEITDSPY
QVQSSWPCDP
AKREGWLAEH
VECVGDDIAW
TVFTNVASTS
RFCTPATQCP
FIGAAMRSES
TVPKVFHVNW
RLPSKGALNV
RPVAEQLTEL

0
Probabllity Based Howse Score

YGDAKVLTPA
LPLPKYDNCW
WISEADLQAA
VVESMKIMTR
ERTIILHKPA
MLILGITNPE
MKFDSKGVLR
DGGVYWEGME
IIDPAWEDSA
TAAAEHKGKV
FRKSSEGKFL
SGIEGNIDLS
KARVANM

VKQYVEKCVD
LARTNPADVA
IGERFPGCMK
AGNPVLDVLR
DNEIVSYGSG
GKKIYVAAAF
AINPENGFFG
SAQLKDLTVT
GVPISAILFG
IMHDPFAMRP
WPGEGDNSRV
QLEDLPKAFW

LCQPERVHIC
RVESKTFICT
GRTMYVIPFS
EGDGQFVKCL
YGGNSLLGKK
PSACGKTNLA
VAPGTSRATN
DWLGKLWSKE
GRRPAGVPLV
FFGYNFGDYL
LDWIFRRVQG
QQEALETIERY

Probabllity Based Howse Score

KNIIVENYTR

PTMGKRLQDT
ADDGTPFAET
YKKDGCDFAK
EPEVLPDGDH
QSAKKNTPEE
NVPLIRPWAL
ACGNYTAGSV
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ISKMTTYFNY
GVENTEDNRR
LKKKGIILGI
WRCVLKIGKN
DLDRAQKVTE
IALATVQALR
TFSYGRALQA
KGFAGKDTLH

PSKELQDELR
AYRQLLFSTD
KVDKGVVPLF
TPSYQSILEN
TVLAAVYKAL
RTVPAAVTGV
SVLRAWAGKK
VDDHRY
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Probabllity Based Howse Score

1 MVVKAVCVIN GDAKGTVFFE QESSGTPVKV SGEVCGLAKG LHGFHVHEFG
51 DNTNGCMSSG PHFNPYGKEH GAPVDENRHL GDLGNIEATG DCPTKVNITD
101 SKITLFGADS IIGRTVVVHA DADDLGQGGH ELSKSTGNAG ARIGCGVIGI
151 AKV

Appendix 7. MS analysis of (a) GE16567; (b) CG4105; (c) CG31779; (d) GMO05777p; (e)
CG9062; (f) GA20134; (g) GA10647; (h) CG6058; (i) CG11793. The probability based
Mowse score of the mapped fragment peptides.. ‘lons score is -10*Log(P), where P is the
probability that the observed match is-a random event. . Individual ions scores > 50 indicate
identity or extensive homology (p<0.05).- The mapped fragment peptides of (A)-(I) are
colored in red.
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