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ABSTRACT

Protein tyrosine sulfation, catalyzed by tyrosylprotein sulfotransferase (TPST), is one
of the most common post-translational modifications towards secretory and
transmembrane proteins. Protein tyrosine sulfation is a key modulator of extracellular
protein-protein interactions and-responsible for various important biological functions
including HIV entry, inflammation, coagulation, and.sterility. These physiological
and pathological mechanisms, however, are not clear. With the assistances of decoded
genome sequences and bioinformatic ‘analysis, a promising gene competent for
catalysis of protein tyrosine sulfation in Drosophila melanogaster was discovered by
searching the expressed sequence tag (EST) database. Enzymatically active
Drosophila melanogaster TPST (DmTPST) was first cloned, expressed in Escherichia
coli BL21(DE3)pLysS host cells and purified to homogeneity in high yield. The
homogeneous DmTPST was characterized through radioactive assay with polyEAY as
substrate and its optimal reaction conditions were determined. Finally, the
drosulfokinin sulfation catalyzed by recombinant DmTPST was firstly demonstrated,
which provided direct link to tyrosine sulfation in Drosophila melanogaster and
further opportunity to decipher the obscure mechanisms and functions of protein

sulfation.
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Introduction

1.1 Post-translational modifications

Post-translational modifications (PTMs) are one of the most important

biological in both prokaryote and eukaryote proteins that can regulate the protein

functions and activities by causing the changes of the protein structure or the affinity

of dynamic interaction between proteins and compounds. (Appendix 1) (Seo et al.

2004) Some common and important post-translational modifications include

acetylation, acylation, glycosylation, methylation, phosphorylation, ubiquitination,

and sulfation (Appendix 2). These modifications. can have both structural and

regulatory functions, which “modulate the properties of proteins by proteolytic

cleavage or by the addition of @ modifying group to amino acid, which may involve

proteins’ activity state, localization, turnover, and interaction with other proteins.

Sulfation and phosphorylation are similar in modifying group, mass altered, and

molecular interaction. (Mann et al., 2003).

1.2 Sulfotransferases

Sulfonation reactions are usually classified by the acceptor group involved in

sulfoconjugation, for instance, O-sulfonation (ester), N-sulfonation (amide), and

S-sulfonation (thioester). O-Sulfonation is dominant in cellular sulfation reaction

which includes an alcohol group and can occur with diverse, relatively small
1



endogenous compounds such as catecholamines, steroids, thyroid hormones, and
vitamins, and macromolecules such as glycosaminoglycans, proteoglycans, proteins,
and galactoglycerolipids. N-Sulfonation is a crucial reaction in the modification of
carbohydrate chains in  macromolecules such as heparin, heparan sulfate
proteoglycans, and also involved in the metabolism of xenobiotics. (Strott, 2002).
Sulfate-containing biomolecules were identified in 1876 (Baumann et al. 1876), but the
mechanism of sulfation remains unknown until the active 3’-phosphoadenosine
5’-phosphosulfated (PAPS) was isolated. Sulfotransferases(STs) use PAPS as sulfate
group (SO*) donor, to catalyze the sulfuryl group into a variety of amine and
hydroxyl substrates (Appendix 3). STs can be basically divided into two classes:
cytosolic STs and membrane-associated -STs.Cytosolic STs are soluble proteins
located in cytoplasm, and mediated small chemical compounds including steroids,
xenobiotics, dietary carcinogens, and neurotransmitters. 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 such as heparan, glycoproteins, and
oligopeptide. They are mainly involved in molecular-recognition events and

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



1.3 Tyrosylprotein sulfotranferases

Tyrosine O-sulfation of protein was first discovered in bovine fibrinopeptide B

by Bettelheim 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 (Fig. 1 step B) (Moore, 2003). Furthermore, Huttner

proved that TPST was membrane-bound and located in the trans-Golgi network

(Appendix 4) (Baeuerle 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 and rats.(Mishiro et al., 2006) (Nishimura and Naito, 2007). TPST are type Il

transmembrane proteins with a short N-terminal cytoplasmic domain, a single about

17-residue transmembrane domain (red), and a luminal catalytic domain.(Fig.

2)(Baeuerle et al. 1987; Lee et al. 1985). In most species, TPST have two isoenzyme:

TPST-1 and TPST-2, but D. melanogaster have only a single TPST gene. The

TPST-1 and TPST-2 share 65-68% sequence identity. Furthermore,

tyrosine-sulfated proteins, TPST activity or putative TPST orthologs have not been

described in prokaryotes or in yeast. (Moore et al. 2003). The SwissPort Group
3



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 identify presently

(Seibert and Sakmar, 2008).

1.4 Biological functions of protein tyrosine sulfation

TPSTs catalyze the sulfation of tyrosine residues within specific peptide

sequences, which have also “been implicated in several crucial physiological and

pathological mechanisms. Current “thinkingholds that this PTM serves as a key

modulator of protein—protein interactions of secreted and membrane-bound proteins

(John W Kehoe et al., 2000). Tyrosine sulfation has been implicated in intracellular

trafficking and proteolytic processing of secreted proteins, and a key modulator of

extracellular protein-protein interactions, 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, CCR5, and CX3CR1) have

been shown to undergo tyrosine sulfation (Farzan et al. 1999; Farzan et al. 2002;

Preobrazhensky et al. 2000; Fong et al. 2002; Colvin et al. 2006). Currently, the most

popular topic on the study of tyrosine sulfation focuses on CCR5 due to its

involvement of HIV-1 entry. The chemokine receptor CCR5 is post-translationally

modified by sulfation of its N-terminal tyrosines. Sulfated tyrosines contribute to the

binding of MIP-1a, MIP-1B, and HIV-1 gp120/CD4 complexes and to facilitator

HIV-1 to enter cells expressing CCR5 and CD4 (Appendix 5). The N terminus of

CCRS5 contains four tyrosines at positions 3,710, 14, and 15(Samson et al., 1996), and

modified stepwise at positions 14 or 15, followed by position 10 and finally the

tyrosine residue at position 3 (Sasaki et al., 2007). Mutation of the four sulfotyrosine

residues in CCR5 to phenylalanine and chlorate inhibits HIV infection by 50-75%.

This information suggests that inhibiting tyrosine sulfation of CCR5 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 glycoprotein found on leukocyte


http://en.wikipedia.org/wiki/Glycoprotein

cell and endothelial cells that binds to P-selectin. In immune response, the leukocytes

need to reach the inflammation site through passage of the blood circulation, the then

roll upon, adhere to, and finally transmigrate between the endothelial cells and

infective site (Appendix 6a). The extreme amino terminus of PSGL-1 carries three

tyrosine sulfation sites. These sulfate esters, and specific glycans on PSGL-1, are key

binding determinants for P-selectin (Appendix 6b). 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; Pouyani and Seed, 1995).

Treatment of PSGL-1 with a bacterial arylsulfatase releases sulfate from tyrosine

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). According to

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.

This modification is crucial in the interaction between many plasma proteins such as

hirudin and thrombin (Stone et al. 1986), fibronectin and fibrin (Suiko et al. 1988),

coagulation factor VIII, and von Willebrand factor (VWF)(Leyte et al. 1991) and
6
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glycoprotein (GP) Iba with both vWF and thrombin (Marchese et al. 1995; Ward et al.

1996; Fredrickson et al. 1998; Dong et al. 2001; Murata et al. 1991). Moreover, the

complete mechanism of platelet attachment is accomplished by vVWF 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). In anticoagulation, hirudin is a potent anticoagulant protein secreted in the

salivary gland of the leech. When Tyr63 has been sulfated, 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).

1.5 Bottlenecks of protein sulfation research

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 hard to develop a fast and accurate assay for quantitative

Kinetics analysis, because sulfation detect limit in pico-mole level. Moreover, tyrosine

O-sulfate may instability on the tyrosine residue of TPST substrate, which makes it

difficult to detect or isolate sulfated proteins and peptides. Previous research on

protein sulfation had focused on few TPST substrates as described above, therefore

the understandings of TPST’s roles are restricted by the biological regulations and
7



pathways of those few substrates. Because of tools and methods are undeveloped in

protein sulfation, limited information available.

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 so far the

only species 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 or

knockdown of a single gene. ‘About-75% of known human disease genes have a

recognizable match in the genetic code of fruit flies (Reiter et al., 2001), and 50% of

fly protein sequences have mammalian analogues. Many advantages of using D.

melanogaster as a study model include the short generation time and easy growth.

Therefore, D. melanogaster is a suitable model to study protein tyrosine sulfation by

using complete genetic tools to understand physiological and pathological

mechanisms. The completion of genomic database is helpful for protein identification

and its function. According to speculated that there are approximately up to 1%

tyrosines of total proteins in an organism that are sulfated, but D. melanogaster



published less substrate, such as Drosulfakinin, Vitellogenin, and Glutactin (Nichols

R. et al. 1988; Baeuerle P.A. et al. 1985; Olson P.F. et al. 1990).

1.7 Contribution from this study

This was the first research focused on the identification, cloning, expression

and characterization of DmTPST at protein level. Following the expression of

DmTPST in a prokaryotic system, the desired tyrosine sulfated proteins were further

produced in vitro in a PAPS generating system. The homogeneous DmTPST was

characterized through the PAPS. generating system with polyEAY as a substrate.

Large quantity of homogeneous DmTPST was obtained that facilitated further studies

and applications in protein tyrosine sulfation. .Optimal reaction conditions for

DmTPST catalysis and pH profile were determined. Finally, an endogenous

compound of D. melanogaster, drosulfakinin, was demonstrated to serve as substrate

of recombinant DmTPST. The results indicated that recombinant DmTPST can further

decipher the ignorant mechanisms and functions of protein tyrosine sulfation in

Drosophila melanogaster.


http://www.uniprot.org/uniprot/?query=author:%22Nichols+R.%22
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2. Materials

Adenosine 5’-triphosphate (ATP), tris[hydroxymethyl]aminomethane (Tris),
2-[N-morpholino]ethanesulfonic acid (MES), poly-(Glu6, Ala3, Tyrl) (EAY: M,
33KDa), inorganic pyrophosphatase, and imidazole were purchased from Sigma (St.
Louis, MO, USA). Potassium phosphate (dibasic), glycine, and sodium dodecyl
sulfate (SDS) were obtained from J. T. Baker (Phillipsburg, NJ, USA). Sodium
[*°S]sulfate (1050-1600 Ci/mmol) of 99.0% radiochemical purity was purchased from
PerkinElmer (Boston, MA, USA). Taq polymerase, T4 DNA ligase, and reagents for
PCR were obtained from New England Biolabs (Beverly, MA, USA). Pfu DNA
polymerase was purchased from Stratagene (La Jolla, CA, USA). Expression vector
and BL21(DE3) pLysS competent cells were purchased from Novagen (Madison, WI,
USA). HisTrap sepharose was obtained from GE Healthcare (Uppsala, Sweden).
Cellulose thin-layer chromatography (TLC) plates were products of Merck
(Whitehouse Station, NJ, USA). All other chemicals were of the highest purity

commercially available.
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3. Experimental procedures

3.1 Prediction of transmembrane domain of DmTPST

The transmembrane region and orientation of DmTPST were predicted on the

website—PSIPRED (http://bioinf.cs.ucl.ac.uk/psipred/psiform.html) (Jones, 2007).

Only scores of hydrophobicity above O were considered significantly to be the

potential transmembrane region.

3.2 Cloning of DmTPST

The Drosophila melanogaster TPST cDNA was subcloned into pET-43a

vector. The potential catalytic domain of TPSTs predicted above was amplified by

PCR with specific primers designed: to contain .BamHI in the forward direction

(5-TGAAGAATTCGACGCCCCCAACGAGCTCTCCTC-3’) and EcoR1 restriction

sites in the reverse one contain Xhol restriction

(5’-TGCCCTCGAGCTCTCCCACAGCATTCGATTGGC-3’). cDNA  fragments

were inserted into the EcoRI/Xhol double-restriction sites and then confirmed using

an ABI Prism, 346 DNA sequencer (Applied Biosystems, Foster City, CA) following

the standard protocol.

11
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3.3 Protein expression and purification of DmTPST

A single colony of BL21(DE3)pLysS consisted of DmTPST plasmid was used
to inoculate in the LB broth with ampicillin as the antibiotic at 37°C. Growth was
continued to an ODA600 of 0.4-0.6 and then induced with 1 mM isopropyl-thio-3
-D-galactoside (IPTG) for 24-hr incubation at 20°C. The cultures were centrifuged at
14000g for 20 minutes, and the pellet was sonicated in IMACS buffer (50 mM
Tris-HCI, pH 8.0, 500 mM NaCl, 5 mM imidazole, and 10% glycerol) for DmTPST.
Further the HisTrap sepharose charged with NiSO, was utilized to the DmTPST
purification. The homogeneous proteins were determined by SDS-polyacrylamide gel

electrophoresis (Laemmli, 1970).

3.4 Mass analysis
The in-gel digestion of interested proteins was performed by the conventional
protocol. MALDI-TOF was carried out to study the identification of excised proteins.

The PMF data was analyzed by MASCOT based on the NCBInr database.

3.5 Aassay of DmTPST enzymatic activity
For the determination of DmTPST activity from bacterial expression, we
detected radiation of **S using [*>S]JPAPS as donor and transferred sulfate group to
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substrate, such as polyEAY. The couple-enzyme (human PAPS synthetase 1 and
DmTPST) radioactive assay was newly established for the measurement of DmTPST
activity. The complete assay mixture contained the following components: sulfate
acceptor DmTPST substrate (polyEAY), 4 mM inorganic Na[**S]SOs;, 5 mM
2-mercaptoethanol, 1 mM MgCl,, 50mM MES (pH6.5), 5 pug recombinant human
PAPS synthetase 1 (hPAPSS1), DmTPST, and 0.5 U pyrophosphatease in a final
volume of 20 pl. Assays were initiated by the addition of the hPAPSS1 and incubated
for 15 min at 37°C followed by the addition of DmTPST incubation for 45 min at
37°C. The reactions were terminated by heating-at*95°C for 2 min. The supernatant
was collected and analyzed by spotting 1 ul aliquot of the reaction mixture on a
cellulose thin-layer chromatography - (TLC) plate and developed with
n-butanol/pyridine/formic acid/water (5:4:1:3; by volume) as the solvent system. The
dried plate was exposed with Kodak BioMax MR film which provide the optimal

resolution for **S autoradiography.

3.6 Using enzymatic activity assay characterize DmTPST

According to TPST enzymatic activity assay control DmTPST amounts (from
0.5 gto20 ¢g)and, pH profile (from pH5.5 to pH8.5), reaction time (from 15mins
to 120 mins). Finally, calculated the Kinetics when polyEAY as substrate. The
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DmTPST enzymatic activity of different substrates was changed from polyEAY to

drosulfakinin proceeding TPST enzymatic activity assay.
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4. Results
4.1 Expression of recombinant D. melanogaster TPST in prokaryote expression
system.

The expression vector, pET-43a, harboring DmTPST cDNA was competent to
express recombinant TPST in E. coli. The prokaryotic expression of TPST was
optimized to reach the maximal soluble amount and purified to nearly homogeneity
(Fig. 3). A 96-kDa protein showed on the SDS-PAGE was composed of NusA-tag
fusion protein (60 kDa) and DmTPST (36 kDa) upon treatment in coomassie blue
R250. The spot excised from SDS-PAGE was analyzed by LC-MS/MS (Fig. 4). Two
peptides (colored in red) come after trypsin digestion the alignment of these peptide
sequences showed homology to DmTPST with -high scores of confidences. The
purification table revealed the purification-related information of DmTPST (Table.

1).

4.2 Sulfation of polyEAY using a PAPSS and TPST coupled system
Autoradiography on the cellulose TLC plate demonstrated that the DmTPST
activity could be determined under the enzymatic activity assay condition (Fig. 5).
[*°S]-labeled EAY produced only in the presence of DmTPST and complete PAPS
regenerating system (lane 4). The [*S]-labeled polyEAY could not be produced in the
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absence of PAPSS (lane 1), polyEAY (lane 2) or DmTPST (lane 3), respectively.
These results indicated that PAPS produced through PAPSS catalytic reactions could

be used for the sulfation of polyEAY catalyzed by DmTPST.

4.3 Determination of the effective range and time course of DmTPST enzyme
catalysis

The linearly effective range of DmTPST amount in the standard assay ranged
within 5 ug as shown in Fig. 6. Accordingly, 4 ug DmTPST was used in further
experiments as standard assay.«The time dependence of DmTPST activity with
polyEAY as substrate was examined. The concentrations of sulfate and polyEAY,
were both saturated in the reactions. The tyrosine O-sulfation of polyEAY increased

linearly with the incubation time from 15 to 120 minutes as shown in Fig. 7.

4.4 pH profile of DMTPST

pH affects the electricity of amino acid and further contributes to the substrate
binding affinity, enzymatic catalysis, and protein conformational structure. The pH
profile of the recombinant DmTPST was determined by measuring the activity at
various pH values. The pH values from 5.5 to 8.5 were shown in Fig. 8. The optimal
pH was 6.5 that showed the highest catalytic activity of DmTPST.
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4.5 Kinetics of DMTPST with polyEAY as substrate

The Kinetic constants toward polyEAY, which is synthetic polypeptides
composed of Glu, Ala, and Tyr in the ratio 6:3:1, demonstrated that K, and Vyax was
11.5 uM and 4.5 nmole/min/mg, respectively (Fig. 9). It revealed that the expression
of DmTPST was active in the catalysis and performed the similar kinetic constants

compared to the previous studies. (Table 2.)

4.6 Sulfation of endogenous substrate, drosulfakinin, by DMTPST

Drosulfakinin, composed of 14 amino acid residues; is a known endogenous substrate
in Drosophila melanogaster of DmTPST. The result from Fig. 10 revealed that the
DmTPST was competent to catalyze not only the synthetic peptide polyEAY (lane 4),

but the endogenous substrate drosulfokinin. (lane 5).
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5. Discussion

Tyrosine sulfation was discovered in 1950s in bovine fibrinogen (Bettelheim,

1954), and afterwards, the tyrosylprotein sulfotransferase (TPST) was identified to be

responsible for this post-translational modification in 1982 (Huttner, 1982). Since the

discovery of the tyrosine O-sulfation, little about the the enzyme mechanisms have

been elucidated. This may be attributed to the lack of TPST related information, such

as the difficulty of sourcing the homogeneous enzyme and ample amount of TPST,

limited information of enzyme characteristics (kinetics), unstable sulfate groups on

the substrate, and lack of sensitive detecting ‘methods for the sulfated tyrosine.

Drosophila melanogaster was chosen as the source “of animal study due to easy

growth, short generation span, ‘solved-genomic database, well-established transgenic

tools, 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 (Fig. 2). 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.

According to the successful development of TPST expression in prokaryotic
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system (Lu et al., unpublished), the NusA-fused DmTPST was firstly obtained with

maximal solubility and high purity (Table 1 and lane 2 in Fig. 3), and used for

studying the enzymatic characterization. The purification yield of DmTPST showed

higher than that of hTPST2 and although the protein sequence of DmTPST and

hTPST2 has a similarity approximately 60%. The distinct characteristics between

human and D. melanogaster TPST need to study further. The NusA-DmTPST

possessed high homogeneity in our study, however, the ratio of DmTPST in this

fusion protein was merely 35% and the total molecular weight was close to 100 kDa.

The NusA protein obviously performed no interference with the enzymatic activity of

DmTPST and rendered high 'solubility to facilitate DmTPST folding. Overall, this

purification procedure of DmTPST was simple with stable material source, great

quantity, and homogeneous DmTPST in this study.

By the facilitation of coupled enzyme reaction (hPAPSS1 and DmTPST), the

productive rate of tyrosine sulfation was faster than that of the conventional reaction

which utilized PAPS directly as sulfate donor as shown in Fig. 1 (Liu et al.,

unpublished). The approach avoided the contamination of PAPS from PAP

(Rens-Domiano and Roth, 1989; Miller and Waechter, 1979). PAPS is extremely

costly and it tends to hydrolyze easily to form PAP, a known competitive inhibitor of

sulfotransferases (Lin and Yang, 1998). In this experimental design, hPAPSS1
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generated saturated PAPS from inorganic sulfate, and this scheme could obviously
prevent the background from the hydrolysis of PAPS. Moreover, the production of
protein tyrosine sulfation by this method was extremely efficient than previous studies
and it might potentially apply to spectrometric analysis in additional to radioactive
assay (Liu et al., unpublished; Mishiro et al., 2006).

In this study, DmTPST properties including the DmTPST amount (Fig. 6), time
dependence of the activities of DmTPST (Fig. 7), pH profile (Fig. 8), and kinetic
parameters of DmTPST (Fig. 9), were examined. The optimal DmTPST dosage and
reaction time was 5 ug and 2 hours, respectively, which located in the linear range. In
the pH-dependent experiment; DmTPST displayed an optimal activity at pH 6.5 (Fig.
8), which was similar to that of TPST in human-liver-and rat submandibular salivary
glands (Lin and Roth, 1990; William et al., 1997). The result of Fig. 8 also indicated
that potassium phosphate was inhibitory to the DmTPST catalyzed sulfation of
polyEAY.

According to the previous studies, the Ky, values for of recombinant hTPST1
and hTPST2 obtained from cell culture (293T cells) using PSGL-1 as substrate was
9.67 and 26.9 mM, respectively; the Vynax hTPST1 and hTPST2 was 3.95 and 71.4
pmol/min/mg (the kear was thus 1.67 x 10* and 2.99 x 10 min™ for each other)
(Mishiro et al., 2006). As coupled to the PAPS generating system using synthetic
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substrate polyEAY, the Ky and Vimax was individually 3.4 mM and 176 pmol/min/mg;
the ke Was thus 7.0 x 10°.(Liu et al., unpublished)(Table. 2). In this study, the K,
Vimax, and ke of DmTPST towards polyEAy as substrates was 11.5 mM, 4.5
nmol/min/mg, and 1.6 x 10, respectively (Fig. 9). Obviously, the K values were
similar regardless of the TPST acquired from diverse sources, species and assayed by
different methods. However, the distinct Vmax measured from coupled-enzyme
reaction was higher than that of previous method for approximately 10 folds, because
the method made some modifications. Consequently the detection of polyEAY sulfate
reached to nanomolarr range (weird) and contributed to the discovery of sulfated
peptides in the future.

In the study, commercial polyEAY- consisted of Glu, Ala, Tyr with random
synthesis followed the ratio of 6:3:1. Consequently, standard substrate was urgent to
be utilized in the assay. The D.melanogaster endogenous substrate, Drosulfokinin,
was selected to analyze in the DmTPST activity assay (Fig. 10). The data
demonstrated that recombinant DmTPST could not only catalyze synthetic peptide
(polyEAY) but endogenous substrate (drosulfokinin). The recombinant DmTPST will
be used further in the aspects of substrate examination, substrate screening, and
proteomic application.

In conclusion, we first purified DmTPST from prokaryotic system and showed
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the various purification characteristics as compared to human TPST. Furthermore, the
combination of PAPS generating system facilitated to increase the catalytic rate of
DmTPST, and define DmTPST optimal condition and kinetic parameters. This will be
beneficial to not only the aspects of fundamental researches but apply to Drosophila

protein sulfation in biological study.
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Tables

Table 1. Purification of NusA-DmTPST from E. coli.

Total Activity Total Protein Specific Activity Yield Purification
Step
(pmole/min) (mg) (pmole/min/mg) (%) fold
Crude extract 37325 1420 26 .3 100 1
Ni-NTA column 9720 12.4 783 .8 26 29 .8
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Table 2. Comparison of coupled enzyme assay-obtained kinetic characterization of DmTPST with previous radiometric assay

Kinetics
Enzyme assay Enzyme Source substrate Vimax Km Keat References
(pmol.min*.mg™) (LM) (min™)

Coupled-enzyme TPST assay  pmTPST E. coli polyEAY? 4459+ 214 12+ 25 1.6x 10*  The present study
hTPST2 E. coli polyEAY? 176+ 15 34+ 1.2 7.0x 107 Liu et al., unpublished
hTPST2 E. coli PSGL=1° 3200+ .170 24+ 3.5 1.1x 107 Lu et al., unpublished

Traditional PAP*S assay hTPST2 E. coli polyEAY? 4.8%-05 11+ 3.0 48x 10*  Liuetal., unpublished
hTPST1 293T cell PSGL-1" 3.95 9.67 1.7x 10™ Mishiro et al. (2006)
hTPST2 293T cell PSGL-1° 71.43 26.89 30x 103 Mishiro et al. (2006)

% polyEAY was synthesized followed the ratio of Glu : Ala: Tyr=6:3: 1.
® PSGL-1 was P-selectin glycoprotein ligand-1 N-terminal peptide (ATEYEYLDYDFL).
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Figure 1. Scheme for the determination of TPST activity. Isotope-based analysis
(*S) was used for the DmTPST assay using PAPS as the sulfuryl group donor.
Biosynthesis of PAPS was catalyzed by PAPSS from ATP and SO,* as shown in Step
A. Step B showed the reaction catalyzed by TPST using tyrosylprotein as the sulfuryl
group acceptor.

32



on

rrears 1 SRt i B sl B - reliern o B vel e Brar lrrlinirs 5o
rrearz 1 NenbopmeviBeca il e 2 oo sBeanmeegrrrnfieTn- 50
DeTEST 1 e RENTLAENEc BT LT BT Ry e e RlErdToon €0

[
KTFST1 IFRILALEEWIRIEFRERE
g e TPRSGTTLMAAML DAREEVECCEETRE I PRI LAMRCH S S ealEEr
n
DmTFIT GWETRVICRILWLAERHE SRR

HFHGEFAFHLCNED P P LE S Y IR LE PHAR Rl
e R oL 178
SR e e N 180

S TN 1y p R R 1L L 1WA Y LHHE Bl 1R PGSV S LSEERSTDGV IEEVHLE
TS PR 1 171 O e T LE L CWNDAY LHHE B TR UV LIEVER 380GV IEEVNLE

Vs DM T A PML AL GYDFY AN Y GEE DB TN T VR CEE e el et
[ FCDVVRDMAS 1A PMLA ML CYDEYANEPNY G EDERE TENT MRV ECEiay e

[}
[ CDVVRDMAR T2 PMLET CYDEY AN VRE e e S 346

ETP3TL 260 EER?EIEEE -------- 270
KTE3TZ 35% ESYEEWEHEIEEHLSEE 377

DmTEST 361 ———————————————— e

Figure 2. Bioinformatic analysis of protein sequence identity and

transmembrane domain for human and Drosophila melanogaster.

The  sequence  pairwise alignment was  performed by  ClustalWw
(http://www.ebi.ac.uk/Tools/clustalw?2/index.html)  and  sorted shading by
BOXSHADE server (http://www.ch.embnet.org/software/BOX_form.html). The black
background indicated identity to each other and the gray one meant conserved
substitutions. The residue colored in red is the predicted transmembrane domain
calculated by PSIPRED (http://bioinf.cs.ucl.ac.uk/psipred/psiform.html) ranged from
residue 6 to 28 both for human TPST1 and TPST2, and 12 to 28 for Drosophila
melanogaster TPST, respectively. The pairwise sequence identity of these TPSTs for
DmTPST/hTPST-1 (58%), DmTPST/hTPST-2 (56%), and hTPST-1/hTPST-2 (63%),
respectively, was calculated.
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Figure 3. Purification of homogenous recombinant DmTPST

The protein was expressed in-BL21(DE3)pLysS cells-and purified through His-Tag

column. Lane 1 and lane 2 was crude extract and homogenous DmTPST, respecticely,
and lane 3 was standard protein marker.
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151 FEVDATHNEL SSQMVEVEEY VIDDNQRVYS YMREMPLIFI GGVEPRSGTITL
201 MERAMI.DAHPD VRCGQETEVI PRILQLESHW LESEEESLEL QEAGITEEVM
251 NSATLQFCLE ITAFHGEPAFPF RLCHMEDPFLTL EMGSYVIELF PHAEFLFMVER
301 DGRATVHSITI SREVTITGFD LSSYRQCMOQE WMNHAITEVMHE QCRDIGEDRC
351 MMVYYEQLVL. HPFEEWMEEIL QFLDVPFWNDL VLHHEEFINE PHGVPLSEVE
401 BESDOQVIEPV NLEALSEWYVG QIPGDVWVREDM ADIAPMI.SVI. GYDEYANEEPD
451 YGEFDLWVQD NISEQWWSST HGHNGHNGHNGHNG YGGHNEYDDYD YDESEVQSMV
501 GGWEETITWSS FEDATILGFI RIFV

Figure 4. The protein of LC-MS-MS fingerprinting analysis was identified as
DmTPST.

The excised spot from SDS-PAGE was identified as DmTPST by LC-MS-MS. The
sequence (red) obtained from mass fingerprinting was mapped to the protein sequence
with high confidence. The result was particularly described in Appendix 8 and
Appendix 9.
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Figure 5. Autoradiography of [*°S]-labeled polyEAY catalyzed by DmTPST.
Lanes 1 to 3 were controlled reactions by the presence of DmTPST w/o PAPSS (lane
1), polyEAY (lane 2) and DmTPST (lane 3), respectively. Lane 4 using polyEAY as
substrate proceeding sulfation .feaction. [The arrowheads indicated the [**S]sulfated
polyEAY peptides and [**S]sulfate.

Thin-laver chromatography
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Figure 6. Effective range of DmTPST assay.

polyEAY sulfation catalyzed by the variable amount of recombinant DmTPST (from
0.5 to 20 pg) was determined under the standard condition. Each point and bar
represented the mean and SD, respectively, obtained from three experiments.
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Figure 7. Time course of the activity of recombinant DmTPST.

Time course effected on the activity of DmTPST. Activities of DmTPST were
measured in different time (15, 30, 45, 60, 90, 120 min) under the standard condition.
Each point and bar represented of three experiments.
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Figure 8. pH profile effected on the‘activity of recombinant DmTPST.

The pH profile of DmTPST activity. TPST activities were measured in 50 mM buffer
at selected pHs (MES for pH 5.5, 6.0, 6.5, potassium phosphate for pH 6.5, 7.0, 7.5,
and Tris for pH 7.5, 8.0, and 8.5) under the standard condition. Each point and bar
represented the mean =+ SD of three experiments.
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Figure 9. Kinetics of DmTPST using polyEAY as substrate.
The DmTPST Kkinetics activities were determined under the standard condition with
various polyEAY concentration from 0.3125 to 160 puM. Each point and bar
represented the mean + SD of three experiments. The data indicated the Ky and Vpmax
was 11.5 + 2.5 mM and 4.5 £ 0.2 nmole/min/mg, respectively.
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Figure 10. Autoradiography of [**S]-labeled Drosulfakinin catalyzed by
DmTPST.

Lanes 1 to 4 were controlled reactions-in the absence of PAPSS (lane 1), substrate
(lane 2), and DmTPST (lane 3), respectively. Lane-4 using polyEAY as substrate
proceed sulfation reaction was.positive control,-and lane 5 was full reaction that using
drosulfakinin as substrate. The arrowhead indicated the [**S]sulfated drosulfakinin
peptides and [*S]sulfate.

Thin-laver chromatography

41



Appendix

Protein Modifications Conformation Changes

W e "'&

Translocation

O

\/\/—K @ Protein Interaction

\_/v-‘\ Activity Change Various Cellular Functions

Appendix 1. Schematic representation of protein. modifications related to the
regulation of biological processes. (Adapted from Seo-et al. 2004)
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Tahle 1. Some common and important post-translational modifications

PTM type
Phosphorylation
pTyr
pSer, pThr

Acetylation

Methylation
Acylation, fatty acid modification
Farnesyl
Myristoyl
Palmitoy!
ete.
Glycosylation
N-linked
QO-linked

GPI ancheor

Hydroxyproline
Sulfation (sTyr)
Disulfide bond formation

Deamidation

Pyroglutamic acid

Ubiquitination

Nitration of tyrosine

AMass? (Da)

+80
+30

+42

+14

+204
+210
+238

=800
203, >800

=1,000

+16
+80
-2

+1

=1,000

+45

Stability®

-
+4+

+t
4+
+++

-
+++

++

+Ht

+++

+H++

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

Glycosylphosphatidylinosital (GP1) anchor. Membrane
tethering of enzymes and receptors, mainly to outer leaflet
of plasma membrane

Protein stability and protein-ligand interactions

Maodulator of protein—protein and receptor-ligand interactions

Intra- and intermolecular crosslink, protein stability

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

Protein stability, blocked N terminus

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

Qxidative damage during inflammation

a4 more comprehensive list of PTM Amass values can be found at: hitp:/fwww.abrf.org/index.cfm/dm.home
bStability: + labile in tandem mass spectrometry, ++ moderately stable; +++ stable.

Appendix 2. Some common and important post-translation modifications (Mann

et al., 2003).
41
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Appendix 3. General ST-catalyzed reaction with PAPS as the cosubstrate
(Chapman et al., 2004).
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Appendix 4. 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 Golgi lumen 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 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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pET-43.1a-c(+) Vector

TE288 09/00

Cat. No. The pET-43.1 series of vectors are designed for cloning and high-level expression of peptide se-
pPET-43.1ai+) DNA T0939-3 quences fused with the 491 aa Nuss Tag™ protein. Unique sites are shown on the circle map. Note
PET-43.1b(+) DNA 70040-3 that the sequence is numbered by the pBR322 convention, so the T7 expression region is reversed
PET-43.1c(+) DNA T0041-3 on the circle map. The cloning/expression region of the coding strand transcribed by T7 RNA poly-

merase is shown below. The fl origin is oriented so that infection with helper phage will produce
PET-43.1a(+) sequence landmarks o . . . : e o
o p— 23002106 virions containing single stranded DNA that corresponds to the coding strand. Therefore, single
promotet stranded sequencing should be performed using the ColiDOWN primer (cat. no. 70845-3). Vector
TT transcription start 23090 Lo .
., . encoded sequence can be completely removed when cloning into the PshA Tor Sma [sites (as
MNuss Tag™ coding sequence 834-2318 \ . - . Lo . . .

. . shown below) by cleaving the Nuss Tag fusion protein with enterokinase or thrombin, respectively.
Hise Tag® coding sequence  801-818 - -
Se Tag™ coding sequence T47-791
Multiple cloning sites Dra lli7023)

(Sma LXho1) 721-686 re e, B
HSV+ Tag® coding sequence 537-572 _{:hcllll {530
578
His* Tag® coding sequence  513-530 E.Tg 1 5552;
T7 terminator 27-73 Hﬁ‘ldl Iflsfslan
facl coding sequence 2797-3879 Kpn | (s24)
Sal | (52¢)
PBR322 origin 5073 Est :BIGSBS;]I
bla {Ap) coding sequence  5833-6G93 ) AZ?: I (em[sssl
s '|BsrG | (a3
fl origin 6815-7262 L EaoR I||854J]
% EamlH 1 [580)
— 572)
PshA | Blunt Cloning Site = P:EAII &8t
-2 AlwN 1{5427) — pET -43.1 a{+:| ® g:é"’"l g:;'
@AT GAC GAC t:k AR ;\m“'t';t: {7275 bp) 8 Shol (Lza;]
Entercainase E—J
FshA | vechor

wector

ju)

smal

GAT GAC GAL GAC AAIIAIG XXX
o D K
—f=

Erferoaiase

Irzert

Sma | Blunt Cloning Site

CTG GTC CCC 033 GGC AGC
L W P B Lt} £

BspLU11 I{5011)—
Sap ljages) ",
T 111 | (4758)

Nde 12
Hba 1j2355)

lac operator ¥
T7 pmmoter%}

’\\ Sph ljze22)

Ecol I.:=6.

Trramain / -
=mal vectar Bou 15 ||j.15‘|‘|?;. / '\:\
sp5 lien7)
a | \'BsiE I1zz2)
TG GT‘C CCC clisx XXX Hpa I3653) Apa liz358)
L ¥ F R i
Torombi 1
7 Pr_:_:mo’.e'_g'mer
FEME -
T7 promoter lac operator

AECAACOSCACCTSTEEIET

CEAGATOGAT CTOGAT COOGOGARRTTARTACGAC TCACTATAGGSEARTTETGAG COSATARCART TC

.S‘ar Mpnl

rbs Mg | NusTag
CCCTCTAGAAATARTT TTGTTTARCTT TTTGECT. .. 1356kp. . AT TGATEA: G
Met Aan Lys Gu lle Leu Al ARBne. . o Bk G Dy lo A Ao Loy Mo hep e Bi ol
h.s-Tagqcp': mer
706443 Ty Spe | S+Tag
AECO3GAGCACTEATTATE COTAATATTTECT COSCTECTECEARATTT

e Lys Trn ne Gly hso Gu

e Pre

Sma | Psh#, Asc

Ghi Lys Al Giy Ao Lew Lo Met dlo Ao krg Asr
S-Tag 18mer primer SiTag
o T3GACTOSCCACOSCCARTTS:
Gn His Met Asp Ser Pra Pro Pra The G

GECAICECaa3 T TSaTACOATT GATSA CGACEACARGA
Zer Mo Bly Ser Gk Thr lie Asp dsp Aso dsp |
enteroki

VFICE0E pET-43.1a(+)
o

AETCO5E
Ser Pro Gl Le

Yol Azp Pro Ao

Zer Vol Gir Al Arg

PET43.10i+)

R?TC‘mJLJLULJmJ__JMIJ T la.CRJJLuI_U_
Ser Pro Ser Ser Trp lle Arg lle Leu Tyr Arg Arg &

HSWeTag Xha | His'Tag
CACTAY

TEARGACCCAGAGEATCTOSAGT
na

PET-23.1ci+)|
CdiBC'J‘JN=p’iITEr
Fael Awrll F70E45-3
TETTAATTARGTTGEGOFTTOCTAGECT A TT TGEE0EECAGTAGCGCEETEE TOOCACTTEACCOCATECCEARCT CRGARET COGTAGCGCOE cToc  pET-43.1a(+)

Yol Ase End

FTTARTTARGTTEFECETTOCTASGTTSATARRA.

TTAATTARGTTEESCFTTCCTAGGCTEATARART

pET-43.1b(=)|

pET-43.1a(+) cloning/expression regions

Appendix 7. pET-43.1a-c(+) Vector exposition
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MATRIX

scievers Mascot Search Results

Protein View

| /data/20100630/Ft | TPST DROME | 1 | false K
K | 005 K | 1 | 1025
E E E

Match to: TPST_DROME Score: 112

Protein-tyrosine sulfotransferase OS=Drosophila melanogaster GN=Tangol3
PE=2 SV=2

Found in search of MI806075.pkl

Nominal mass (M:): 58013; Calculated pl value: 7.66
NCBI BLAST search of TPST DROME against nr
Unformatted sequence string for pasting into.other applications

Taxonomy: Drosophila melanogaster

Cleavage by Trypsin: cuts C-term-side-of KR unless next residue is P
Sequence Coverage: 4%

Matched peptides shown in Bold Red

1 MRLPYRNKKV TLWVLFGIIV ITMFLFKFTE LRPTCLFKVD AANELSSQMV
51 RVEKYLTDDN QRVYSYNREM PLIFIGGVPR SGTTLMRAML DAHPDVRCGQ
101 ETRVIPRILQ LRSHWLKSEK ESLRLOEAGI TKEVMNSAIA QFCLEITAKH
151 GEPAPRLCNK DPLTLKMGSY VIELFPNAKF LEMVRDGRAT VHSIISRKVT
201 ITGFDLSSYR QCMQKWNHAI EVMHEQCRDI GKDRCMMVYY EQLVLHPEEW
251 MRKILKFLDV PWNDAVLHHE EFINKPNGVP LSKVERSSDQ VIKPVNLEAM
301 SKWVGQIPGD VVRDMADIAP MLSVLGYDPY ANPPDYGKPD AWVOQDNTSKL
351 KANRMLWESK AKQVLQMSSS EDDNTNTIIN NSNNKDNNNN QYTINKIIPE
401 QHSRORQHVQ QOHLQQQQQQ HLOQQOHORQ QQQQQREEES ESEREAEPDR
451 EQQLLHQKPK DVITIKQLPL AGSNNNNINN NINNNNNNNN IMEDPMADT

Appendix 8. MS analysis of DmTPST
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http://www.ncbi.nlm.nih.gov/blast/Blast.cgi?ALIGNMENTS=50&ALIGNMENT_VIEW=Pairwise&AUTO_FORMAT=Semiauto&CDD_SEARCH=on&CLIENT=web&COMPOSITION_BASED_STATISTICS=on&DATABASE=nr&DESCRIPTIONS=100&ENTREZ_QUERY=(none)&EXPECT=10&FILTER=L&FORMAT_BLOCK_ON_RESPAGE=None&FORMAT_OBJECT=Alignment&FORMAT_TYPE=HTML&GAPCOSTS=11+1&I_THRESH=0.001&LAYOUT=TwoWindows&MATRIX_NAME=BLOSUM62&NCBI_GI=on&PAGE=Proteins&PROGRAM=blastp&QUERY=MRLPYRNKKVTLWVLFGIIVITMFLFKFTELRPTCLFKVDAANELSSQMVRVEKYLTDDNQRVYSYNREMPLIFIGGVPRSGTTLMRAMLDAHPDVRCGQETRVIPRILQLRSHWLKSEKESLRLQEAGITKEVMNSAIAQFCLEIIAKHGEPAPRLCNKDPLTLKMGSYVIELFPNAKFLFMVRDGRATVHSIISRKVTITGFDLSSYRQCMQKWNHAIEVMHEQCRDIGKDRCMMVYYEQLVLHPEEWMRKILKFLDVPWNDAVLHHEEFINKPNGVPLSKVERSSDQVIKPVNLEAMSKWVGQIPGDVVRDMADIAPMLSVLGYDPYANPPDYGKPDAWVQDNTSKLKANRMLWESKAKQVLQMSSSEDDNTNTIINNSNNKDNNNNQYTINKIIPEQHSRQRQHVQQQHLQQQQQQHLQQQQHQRQQQQQQREEESESEREAEPDREQQLLHQKPKDVITIKQLPLAGSNNNNINNNINNNNNNNNIMEDPMADT&SERVICE=plain&SET_DEFAULTS.x=9&SET_DEFAULTS.y=5&SHOW_OVERVIEW=on&WORD_SIZE=3&END_OF_HTTPGET=Yes
http://www.matrixscience.com/cgi/getseq.pl?SwissProt+TPST_DROME+seq
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?lvl=0&id=7227

MATRIX

scievers Mascot Search Results

Protein View

| /data/20100630/F¢ | NUSAECOLL | 1 | false |4
K | 005 K | 1 | 1025
E E E

Match to: NUSA_ECOLI Score: 321

Transcription elongation protein nusA OS=Escherichia coli (strain K12)
GN=nusA PE=1 SV=1

Found in search of MI806075.pkl

Nominal mass (M:): 54837; Calculated pl value: 4.53
NCBI BLAST search of NUSA_ECOLI against nr
Unformatted sequence string for pasting into.other applications

Taxonomy: Escherichia coli K-12

Cleavage by Trypsin: cuts C-term-side-of KR unless next residue is P
Sequence Coverage: 10%

Matched peptides shown in Bold Red

1 MNKEILAVVE AVSNEKALPR EKIFEALESA LATATKKKYE QEIDVRVQID
51 RKSGDFDTFR RWLVVDEVTQ PTKEITLEAA RYEDESLNLG DYVEDQIESV
101 TEFDRITTQTA KQVIVOKVRE AERAMVVDQF REHEGEIITG VVKKVNRDNI
151 SLDLGNNAEA VILREDMLPR ENFRPGDRVR GVLYSVRPEA RGAQLFVTRS
201 KPEMLIELFR IEVPEIGEEV IEIKAAARDP GSRAKIAVKT NDKRIDPVGA
251 CVGMRGARVQ AVSTELGGER IDIVLWDDNP AQFVINAMAP ADVASIVVDE
301 DKHTMDIAVE AGNLAQAIGR NGONVRLASQ LSGWELNVMT VDDLQAKHQA
351 EAHAAIDTFT KYLDIDEDFA TVLVEEGEST LEELAYVPMK ELLEIEGLDE
401 PTVEALRERA KNALATIAQA QEESLGDNKP ADDLLNLEGV DRDLAFKLAA
451 RGVCTLEDLA EQGIDDLADI EGLTDEKAGA LIMAARNICW FGDEA

Appendix 9. MS analysis of NusA
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http://www.ncbi.nlm.nih.gov/blast/Blast.cgi?ALIGNMENTS=50&ALIGNMENT_VIEW=Pairwise&AUTO_FORMAT=Semiauto&CDD_SEARCH=on&CLIENT=web&COMPOSITION_BASED_STATISTICS=on&DATABASE=nr&DESCRIPTIONS=100&ENTREZ_QUERY=(none)&EXPECT=10&FILTER=L&FORMAT_BLOCK_ON_RESPAGE=None&FORMAT_OBJECT=Alignment&FORMAT_TYPE=HTML&GAPCOSTS=11+1&I_THRESH=0.001&LAYOUT=TwoWindows&MATRIX_NAME=BLOSUM62&NCBI_GI=on&PAGE=Proteins&PROGRAM=blastp&QUERY=MNKEILAVVEAVSNEKALPREKIFEALESALATATKKKYEQEIDVRVQIDRKSGDFDTFRRWLVVDEVTQPTKEITLEAARYEDESLNLGDYVEDQIESVTFDRITTQTAKQVIVQKVREAERAMVVDQFREHEGEIITGVVKKVNRDNISLDLGNNAEAVILREDMLPRENFRPGDRVRGVLYSVRPEARGAQLFVTRSKPEMLIELFRIEVPEIGEEVIEIKAAARDPGSRAKIAVKTNDKRIDPVGACVGMRGARVQAVSTELGGERIDIVLWDDNPAQFVINAMAPADVASIVVDEDKHTMDIAVEAGNLAQAIGRNGQNVRLASQLSGWELNVMTVDDLQAKHQAEAHAAIDTFTKYLDIDEDFATVLVEEGFSTLEELAYVPMKELLEIEGLDEPTVEALRERAKNALATIAQAQEESLGDNKPADDLLNLEGVDRDLAFKLAARGVCTLEDLAEQGIDDLADIEGLTDEKAGALIMAARNICWFGDEA&SERVICE=plain&SET_DEFAULTS.x=9&SET_DEFAULTS.y=5&SHOW_OVERVIEW=on&WORD_SIZE=3&END_OF_HTTPGET=Yes
http://www.matrixscience.com/cgi/getseq.pl?SwissProt+NUSA_ECOLI+seq
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?lvl=0&id=83333

