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INTRODUCTION

2'.5'-oligoadenylate synthetases (2-5A synthetases, OASs, EC 2.7.7.84) are the
enzymes that catalyse the polymerization of ATP into 2'5'-linked
oligoadenylates. They belong to the nucleotidyl transferase superfamily
subclass of template-independent nucleotidyl transferases, together with
poly(A) and poly(U) polymerases and CCA-adding enzymes. These enzymes
are believed to have derived from a common ancestor. In the course of
evolution, each of them has gained its specific enzymatic properties and
functions to carry out in the cell. The OASs became 2'-specific while the
majority of nucleotidyl transferases are 3'-specific, catalysing the formation of
3'.5'-phosphodiester linkages. Moreover, the OASs acquired the ability to
initiate synthesis without requiring a primer. In contrast to constitutively active
nucleotidyl transferases, OASs evolved to be regulated by a specific cofactor,
double-stranded RNA.

Nucleotidyl transferases catalyse the transfer of nucleotides to a variety of
substrates and they are involved in many important biological processes. For
OASs, their main role is described in the innate immune system, where they
mediate the interferon-induced response to several viruses. However, other
functions for these proteins have been proposed. The preservation of multiple
OAS genes in mammalian genomes that encode different types and isoforms of
OAS proteins, refers to their diverse functions in cells.

In addition to mammals, where the OAS family has been well studied, the
genes encoding these proteins have been found in the genomes of animals from
many phyla over the phylogenetic tree of multicellular animals. These phyla
comprise vertebrates and invertebrates, including the evolutionarily lowest
animals, sponges, as well as lineages from the Protostomia branch of animal
evolution. Moreover, the presence of OAS genes has been predicted in some
unicellular organisms. However, the OAS activity has only been demonstrated
in higher vertebrates (mammals, birds and reptiles) and in marine sponges.

This thesis focuses on describing the structure and enzymatic properties of
OASs from different marine sponges. It demonstrates the diversity of OASs
from marine sponges. The enzymatic characteristics and genomic structures of
sponge OASs were elucidated and compared to those of mammalian OASs. In
addition, the presence of active OAS proteins in several distantly related animal
species was studied.

The results obtained in this work contribute to a better understanding of the
evolution of 2',5'-oligoadenylate synthetases as well as their emergence from
the common nucleotidyl transferase ancestor.
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REVIEW OF THE LITERATURE

1. Nucleotidyl transferases

Nucleotidyl transferases (NTs, EC 2.7.7.-) catalyse the transfer of a nucleotide
to an acceptor hydroxyl group of nucleic acids, proteins or antibiotics, a
reaction important in many biological processes, such as DNA replication and
repair, transcription, RNA processing and viral replication (Aravind and
Koonin, 1999). According to their sequence and structural homologies,
nucleotidyl transferases are grouped into distinct superfamilies (Ito and
Braithwaite, 1991). The most widespread superfamily of nucleotidyl
transferases is typified by the eukaryotic DNA polymerase  and sometimes
referred to as the pol B superfamily (Aravind and Koonin, 1999; Betat et al.,
2010).

Members of this family include DNA polymerases B, p and A, terminal
deoxynucleotidyl transferases (TdT), antibiotic nucleotidyl transferases, protein
nucleotidyl transferases, poly(A) polymerases (PAP), poly(U) polymerases
(PUP), CCA-adding enzymes (CCAtr), 2',5'-oligoadenylate synthetases (OAS)
and cyclic GMP-AMP synthases (cGAS) (Holm and Sander, 1995; Aravind and
Koonin, 1999; Kwak and Wickens, 2007; Yamtich and Sweasy, 2010; Civril et
al., 2013).

1.1. Classification

Nucleotidyl transferases of the pol B superfamily are classified into Class I and
Class II enzymes. The classification is based on the presence of 4 additional
amino acid residues that form an extra turn in the active site a-helix in Class 11
NTs. Class I consists of DNA pol B, TdT, eukaryotic PAP, OAS and arhaeal
CCAtr while Class II is a small group comprising eubacterial PAPs and both
eukaryotic and eubacterial CCAtrs, as well as A-adding and CC-adding
enzymes (Yue et al., 1996; Martin et al., 2008). Class II enzymes share a well-
conserved 25-kDa N-terminal domain, including the highly conserved active
site helix and a RRD-motif which contains the third active site carboxylate and
participates in substrate selection (Yue et al., 1996; Martin and Keller, 2007).
Class I enzymes are more heterogenous and have little sequence homology
outside the active site signature motif (Yue et al., 1996).

Class I ribonucleotidyl transferases (rNTs) are further divided into canonical
and non-canonical rNTs based on the characteristic nucleotide recognition motif
(NRM). Canonical rNTs are classical nuclear PAPs, which polyadenylate the
pre-mRNAs. Their signature motif MPIITPAYPQQN (NRM 1) is almost
invariant in canonical rNTs of all eukaryotes. The consensus sequence of the
NRM of non-canonical rfNTs (NRM 2) is hx[I/L/V][E/Q][E/D/N]PhxsN (where
x is any and h is a hydrophobic amino acid). Non-canonical rNTs include PAPs
and PUPs from the Cidl family, terminal uridylyltransferases (TUTs) and OASs
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(Stevenson and Norbury, 2006; Martin and Keller, 2007; Martin et al., 2008).

It has been proposed that most of the eukaryotic canonical and non-
canonical rNTs evolved from the archaeal CCAtrs, whereas the eukaryotic
CCAtrs are the descendants of eubacterial Class Il CCAtrs (Martin and Keller,
2007; Martin et al., 2008).

Since the OAS studied in this work is a Class I rNT, the following review
focuses mainly on describing the properties of Class I enzymes.

1.2. Template-independent rNTs

Template-independent rNTs transfer ribonucleotides to the 3'-end of the primer
without using a nucleic acid template for nucleotide selection. Some rNTs may
add a single nucleotide to the primer molecule while others synthesise a
homopolymeric tail of several hundred nucleotides in length. Most rNTs
catalyse the transfer of one specific ribonucleotide, usually ATP or UTP, but
unusual specificity is displayed by the CCAtrs, which catalyse the addition of
the trinucleotide CCA to the 3'-ends of tRNAs (Martin et al., 2008).

1.2.1. Overall structure

The NTs of the pol B superfamily share a common core fold and conserved
active site residues. However, their sequence similarity is often low (Kuchta et
al., 2009). Based on their common architecture, the template-independent rNTs
can be defined as a separate subclass in the polf superfamily. Their catalytic
site is located between the classic P-sheet domain and the a-helical bundle
domain (Fig. 1). The latter is unique to the template-independent rNTs (Torralba
et al., 2008). The B-sheet domain is homologous to the palm domain in
template-dependent NTs (Torralba et al., 2008) and it is found in all members of
the pol B superfamily (Martin et al., 2000; Li et al., 2002; Xiong et al., 2003;
Augustin et al., 2003; Lunde et al., 2012).

The first published crystal structure of a template-independent polymerase
was that of bovine PAP bound to an analog of ATP, 3'-dATP (Martin et al.,
2000). It was shown that PAP was a U-shaped molecule composed of three
domains (Fig 1A). The N-terminal domain was homologous to the catalytic
domain of nucleotidyl transferases and comprised a five-stranded mixed p-sheet
and two a-helices. The central domain, however, was not homologous to the pol
B fingers domain, but instead it shared a structural similarity with the allosteric
activity domain of ribonucleoside reductase R1, which comprises a four-helix
bundle and a three-stranded mixed [B-sheet. The C-terminal domain of PAP
acquired a compact globular structure consisting of a four-stranded antiparallel
B-sheet, flanked on one side by two helices. This domain was similar to the
RNA-binding domains of several RNA-binding proteins. The catalytic and
RNA-binding domains were connected to the central domain through a central
B-strand and via a hinge-like region, respectively (Martin et al., 2000).

The Class I CCAtr from Archaeoglobus fulgidus consists of four domains
named head, neck, body and tail (Fig. 1C). The former three domains form a U-
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shape structure similar to that of PAP while the tail domain is loosely connected
to the rest of the enzyme and is involved in dimer formation by interacting with
the other subunit. The head domain is constructed of five-stranded B-sheet
flanked by a-helices and corresponds to the catalytic domain of PAP and other
NTs. The neck domain consisting of mixed B-sheets and a-helices is the
equivalent of the central domain of PAP. The body domain is homologous to the
C-terminal RNA-binding domain of PAP and is involved in tRNA binding.
However, the Class I CCAtr and PAP differ in the orientation of the RNA-
binding domain relative to the central domain by a rotation of about 30° (Xiong
et al., 2003; Okabe et al., 2003).

Figure 1. Examples of three-dimensional structures of template-independent rNTs:
bovine PAP in complex with 3'-dATP (A; PDB ID: 1Q78), murine cGAS with dsDNA
and ATP (B; PDB ID: 4K97), archaeal CCAtr in complex with CTP (C; PDB ID: 1R89)
and yeast Cidl with bound UTP (D; PDB ID: 4FHS5). The N-terminal extension (part of
the non-contiguous central domain) is coloured cyan, the NT catalytic domain violet,
the central domain blue and the C-terminal domain green. The tail domain of CCAtr is
shown in orange and the Zn thumb of ¢cGAS in black. The divalent metal ions are
shown as yellow spheres and the nucleotides are shown in red. The figure was created
using the PyMOL™ Molecular Graphics System.
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The non-canonical polymerases Trf4p (for DNA topoisomerase related function,
a poly(A) polymerase) and Cidl (for caffeine-induced death suppressor, a
poly(U) polymerase) adopt similar structures to the previously described
enzymes (Fig. 1D; Hamill et al., 2010; Lunde et al., 2012). However, like the
majority of other non-canonical PAPs and PUPs of the Cid1 family, they consist
only of two domains and lack the RNA-binding domain. Therefore they may
require additional RNA-binding proteins for interacting with their substrates
(Stevenson and Norbury, 2006; Hamill et al., 2010).

The two primer-independent rNTs of the polf superfamily, the OAS and the
cGAS, also consist of only two domains — the N-terminal NT domain and the
C-terminal domain corresponding to the central domain of PAP and CCAtr
(Hartmann et al., 2003; Donovan et al., 2013; Kranzusch et al., 2013). As
primer-independent enzymes they do not need the RNA-binding domain which
in primer-dependent rNTs interacts with the substrate (e.g. mRNA for PAP and
tRNA for CCAtr). The OAS and cGAS are unique among the NTs as they
require binding of a cofactor (AsSRNA or dsDNA, respectively) and subsequent
conformational rearrangements in the N-terminal catalytic domain for the
assembly of their active sites (Donovan et al., 2013; Civril et al., 2013). In
cGAS the activating DNA is bound to the positively charged cleft between the
N-terminal extension and the C-terminal domain (Fig. 1B). A zinc-binding
motif essential for DNA binding is located in the C-terminal domain (Civril et
al., 2013; Kranzusch et al., 2013). This motif is not found in other NTs and is
proposed to preclude dsRNA from binding to cGAS due to steric hindrance
(Xiao and Fitzgerald, 2013). The structure and activation mechanism of OAS
will be described in Sections 2.1.2 and 2.2.3, respectively.

1.2.2. Active site

The active site of Class I template-independent rNTs is located on one side of
the U-shaped molecule, between the N-terminal catalytic domain and the
central domain and is composed of residues from both domains (Martin et al.,
2000). The active site consensus signature is hG[GS]x7.;3[D/E]h[D/E]h, where h
is a hydrophobic and x is any amino acid residue (Martin and Keller, 2007;
Kuchta et al., 2009). In the crystal structures, the two carboxylate residues are
located in the beginning of the B-strand 2 and together with the third aspartate
or glutamate residue, located on the spatially adjacent B-strand, form the
catalytic triad (Fig. 2). Their side chains are directed towards the central cleft
where they coordinate two catalytic divalent metal ions, Mg** or Mn*"
Conserved residues from the helical turn motif (P-loop) between the B-strands 1
and 2 as well as from two central domain a-helices interact with the phosphate
groups of the nucleotide (Martin et al., 2000; Okabe et al., 2003; Martin et al.,
2004; Lunde et al., 2012). Residues from the nucleotide recognition motif,
located in the central domain, are responsible for interacting with the base of
the nucleotide (Martin and Keller, 2007).
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1.2.3. Catalytic mechanism

Despite adding different nucleotides and using a variety of substrates, the NTs
appear to generally utilize the same mechanism of nucleotidyl transfer,
involving a two-metal-coordinated attack by the 3'-OH of the primer on the a-
phosphate of the incoming nucleoside triphosphate (Martin and Keller, 1996;
Kwak and Wickens, 2007). The exceptions are OAS and kanamycin nucleotidyl
transferase (kanNT), that are 2'- and 4'-specific, respectively. It is believed, that
these enzymes also use the same catalytic mechanism and place their different
nucleophilic atoms in similar positions to enable the attack of the donor a-
phosphate (Hartmann et al., 2003).

The catalytic mechanism of nucleotide transfer by rNTs has been well
studied, using crystal structures of mammalian and yeast PAPs in their
complexes with catalytic metal ions and ATP analogs (Martin et al., 2000;
Martin et al., 2004; Balbo and Bohm, 2007; Balbo and Bohm, 2009; Yang et al.,
2014). One of the divalent metal ions binds as a co-substrate while the other
coordinates the 3'-OH of the primer and the a-phosphate group of the incoming
nucleotide (Balbo and Bohm, 2009). The protein contacts with the phosphates
of the nucleotide are mediated by the conserved serine residue (Serl02 in
bovine PAP) in the P-loop preceding the catalytic triad as well as lysine and
tyrosine residues (Lys228 and Tyr237 in bovine PAP) from the central domain.
The ribose is located between the Phe from the P-loop and Val247 (bovine
PAP). The latter also interacts with the adenine base together with Thr317 from
the NRM. 2'-OH of the ribose is bound by a water molecule coordinated by
Thr207 (Fig. 2; Martin et al., 2000; Martin et al., 2004; Yang et al., 2014).

Figure 2. The structure of the active site of bovine PAP in complex with an ATP analog,
3'-dATP. The three catalytic aspartate residues are coloured red, other residues
interacting with ATP are shown in purple, the Mg**-ion is represented by a yellow
sphere and 3'-dATP is coloured blue. The figure was created from PDB file 1Q78
(Martin et al., 2004) using the PyMOL™ Molecular Graphics System.
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The binding of both, ATP and primer, induce a conformational change resulting
in the closed enzyme state where the nucleotidyl transfer reaction is catalysed
(Balbo and Bohm, 2007). The 3'-OH of the primer is deprotonated and attacks
the a-phosphate of the nucleotide. One active site metal ion promotes the
phosphodiester bond formation in a transesterification reaction producing the
pyrophosphate leaving group that departs with the other metal ion in the form of
MgPP;* (Hartmann et al., 2003; Martin et al., 2008; Balbo and Bohm, 2009).
After each round of catalysis the domain opening is induced and the product is
released (Balbo and Bohm, 2007).

1.2.4. Specificity

Based on the structural similarity it is proposed that the catalytic domains of the
enzymes of the polP superfamily share a common ancestor (Okabe et al., 2003).
The presence of various additional structural elements and domains with
distinct enzymatic and regulatory activities is dependent on the enzyme family
(Aravind and Koonin, 1999; Kuchta et al., 2009). Evidently, these differences
are the basis for the distinct substrate specificity displayed by these enzymes
and determine the choice of nucleotide to be transferred.

Class I CCAtr recognizes the substrate tRNA molecule with its body and tail
domains. For efficient tRNA binding the enzyme dimerizes via its tail domain
and the dimer binds two tRNA molecules. The acceptor stem and the T-stem
loop of the tRNA are inserted into a cleft in the enzyme molecule while the 3'-
terminus is located in the active site pocket. The tRNA molecule remains fixed
during the CCA addition (Xiong and Steitz, 2004; Tomita et al., 2006; Tomita
and Yamashita, 2014). The C-terminal domain of PAP, responsible for the
substrate binding, interacts with the mRNA in a sequence non-specific manner.
Only a few base-specific interactions occur between the protein and the mRNA
(Balbo and Bohm, 2007).

In CCAtr, the protein-tRNA complex forms a template for the correct
nucleotide addition. In the absence of the tRNA, the nucleotide binding was
observed to be nonspecific (Xiong et al., 2003). The incoming CTP forms
hydrogen bonds with the phosphate groups of the tRNA and with the specific
arginine residue of the central domain of the enzyme. These interactions
exclude GTP and UTP from binding (Xiong and Steitz, 2004). The ATP
addition is catalysed by one-metal-ion mechanism, since the binding of the
other metal ion is sterically hindered (Pan et al., 2010). In PAP, steric
differences exclude CTP and UTP from binding to the active site. ATP is
selected over GTP by the hydrogen bonding of N1 atom in ATP and a tyrosine
residue in PAP (Martin et al., 2004). In TUTs, the binding of ATP and GTP to
the active site is suppressed due to steric hindrance. The specificity of UTP over
CTP is determined by a water molecule between the conserved carboxylates,
which detects the presence of a hydrogen atom in the N3 position of uridine
base (Deng et al., 2005). In the Cidl family PUPs, a histidine residue in the
NRM was shown to be important for the UTP selection; in Cidl family PAPs,
an asparagine residue is found in this position (Lunde et al., 2012).
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2. 2',5'-oligoadenylate synthetases

2'.5'-oligoadenylate synthetases are interferon-induced and dsRNA activated
enzymes that catalyse the polymerization of ATP into 2'5'-linked
oligoadenylates. They belong to the nucleotidyl transferase superfamily
subclass of template-independent NTs together with PAPs and CCAtrs (Aravind
and Koonin, 1999; Torralba et al., 2008). It has been hypothesised that OASs
evolved from Trf proteins (Rogozin et al.,, 2003), the non-canonical PAPs
belonging to Cidl family, members of which also lack the RNA-binding
domain as OASs do (Stevenson and Norbury, 2006; Hamill et al., 2010). OASs
became 2'-specific, catalysing the formation of 2',5'-phosphodiester bond
instead of the 3',5'-bond catalysed by most rNTs. Together with the ability to
initiate synthesis of oligoadenylates from ATP without requiring any primer,
OAS also evolved from constitutively active NT to a latent enzyme that needs
dsRNA binding to induce conformational changes in order to assemble its
active site (Kristiansen et al., 2011; Donovan et al., 2013). In mammals OAS is
an important component of the IFN-induced antiviral system. OAS and the
dsDNA sensor cGAS are proposed to be a part of a second-messenger system
that rapidly signals upon pathogen recognition (Kranzusch et al., 2013).

2.1. Structure of OAS

2.1.1. Gene structure

The human OAS family consists of four genes encoding four types of proteins
with different isoforms — the small form (p42/p44/p46/p48, OAS1), the medium
form (p69/p71, OAS2), the large form (p100, OAS3) and the oligoadenylate
synthetase-like protein (p59, OASL), which contains C-terminal ubiquitin-like
domain and does not exhibit 2-5A synthesising activity (Justesen et al., 2000).

Human 2'-5'-0AS gene cluster

(http:/ /genome.ucsc.edu)

telomere centromere
E 30k Af—— f— - ——
12924
0AS2 0AS3 0AS1

Mouse Oas gene cluster

centromere telomere
Dixl Rph3a
I
- — e 44> o e o o = e
D Ous? Oas3  OasleQaslcOaslb  Oaslf Oaslh OaslgOasTaOasld

Figure 3. Schematic organization of OAS genes in human and mouse genomes. Exons
are represented by black boxes and the direction of transcription is shown by arrows.
Reprinted from Mashimo et al., 2003, Copyright (2003), with permission from Elsevier.
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The three genes (OAS1, OAS2 and OAS3) that encode OASs with enzymatic
activity are clustered within a region of 105 kb on chromosome 12q24.13. They
are arranged in the order centromere-5'-OASI-OAS3-OAS2-3'-telomere and
have the same orientation of transcription (Fig. 3; Rebouillat and Hovanessian,
1999; Hovanessian and Justesen, 2007). The distance between OASI and OAS3
is approximately 20 kb and between OAS3 and OAS2 about 5 kb (Rebouillat et
al., 2000). The OASL is located 8 Mb towards telomere, in the region 12q24.31
(Hovanessian and Justesen, 2007).

Several transcripts are transcribed from human OAS/ gene, generated by the
alternative splicing of exons 5, 6 and 7 (Fig. 4). The encoded protein isoforms —
p42, p44, p46 and p48 — have identical N-termini of 346 residues but different
C-termini (Mashimo et al., 2008). OA4S2 is spliced in two isoforms, p69 and
p71, which share a common N-terminus of 683 residues and different C-termini
of 4 and 44 residues, respectively (Mashimo et al., 2008). OAS3 is composed of
16 exons and encodes only one protein isoform, p100 (Rebouillat et al., 2000;
Hovanessian and Justesen, 2007). OASL gene encodes a two-domain protein,
pS56/p59, consisting of an OAS unit and a 164 amino acid C-terminal domain of
two ubiquitin-like repeats (Rebouillat et al., 1998; Hartmann et al., 1998b;
Eskildsen et al., 2003).

OAS1 p42 (364aa)

p46 (400aa)

p48 (414aa)

p44 (382aa)

OAS2  pb69 (687aa)

p71 (727aa)

1 2 3 45 6 7 891011
1 2 3456 7 8 9101112 13141516
. 7 . .
: exons — :introns ) : alternatively spliced exons

Figure 4. Exon/intron structure and splice variants of the human OAS genes. The scale
for exons is five times larger than that for introns. Reprinted from Mashimo et al., 2003,
Copyright (2003), with permission from Elsevier.

The analysis of the coding sequences of the OAS genes reveals the presence of
a conserved domain of five exons referred to as the OAS unit. This domain
occurs once in OAS1 and OASL proteins (the first 346 aa), is repeated twice in
OAS?2 and three times in OAS3 proteins (Rebouillat et al., 2000). There is a
high degree of amino acid identity between all members of each of the five
exon groups (Fig. 5). Furthermore, the splice sites and reading frames across the
exon/intron boundaries are also conserved. In contrast, the introns show no
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similarities and vary in size between the OAS genes (Fig. 4). This exon
conservation suggests that the duplications of an ancestral gene are the origin of
the OAS gene family. However, the intron size variations indicate that this
occurred rather early during evolution (Justesen et al., 2000).

Exon groupl

OAS1 exonl  ----MMDERNE Epy@rEpTcERrMOINERIDIHCGHRE] RCF———EGSSYPVEES<V*F
OAS2 exonl YEECQTLIDEMVNTEMCDV#ORP—-———-—— EQFPLIYOCHAT
OAS2 exon6 NKCELEQIDSEVN IHRT FiKiENCE - - B0S---TAKIOI
OAS3 exonl  —----- D | RKEQVEKARRBLGALAAAMRINR f*fFLGAAAPRILK
OAS3 exon6 SPOROEQVKKE T D IMLRCWHEN - ——————-— CVHKASR
0AS3 exonll NROPLAOVNK@VDTHCS FKENCF---BNS--PIKJT
OASL exonl 5 5 HREWKEEVL RTVEEFIRQEHFQGKIFGLDQDVRYL,

*OAS3 exonb N-term. GLPRAGCSGLGHPIQLDPNQKTPENSKSLNAVYPRAGRKPPSCPAPGPTGAASIVPSV

Exon group2

OAS1 exon2 GRSEA sPLTTEODELNRECEFIOBIRROMEACORERAFSVKFEVOAPRWGNERANSEVESELOLG-EGVEF DV

OAS2 exon2 GNSIGT] FSDLKQFQD@KRSORDEIL DKTGDKMKFCLFTKW----LKNNFEIQKSLDGFT IQVFIKNQR---LSFEVM

OAS2 exon7 KTGSIBA! HNSLKSYTS@KNERHKMVKIATHEOWKAFWREKEEELEVSFEPPKWKARR' Bs@«BxviN-EsVSFDVM

OAS3 exon2 KGGCRSEMYTIIIDCFK S Y VDORAREAEML SBMRA SWE SWWON PV P- - GLRLTFPEQS VG, TRVDLE-DWMDVSL)

OAS3 exon7 DGCRVERT TI#NCETDYKD®GPRISAERT DI@MRAOIE SWWODQVP--SLSLOFPEQNVIEE, TALK-SWTDVSIS

OAS3 exonl2 GRSRA SCFSOETE@GNKIFAFNT S TRACMEACQOERQ -~ FEVKFEVSKWEN)ZRVIMSE SMTEOTMLDOSVDF DV

OASL exon2 € STREV] SCFHSEQEAAKHHKDVLRLIWKTMWQSQDLLDLG--LEDLRMEQRVDABVETIOTRGTA-EPITVTI
P-loop DhDh hDh

Exon group3

OAS1 exon3 G

OAS2 exon3 KRSLDKTNASP|

OAS2 exon8 LSs[@sTHCEH TDLYKSSDLPG

OAS3 exon3

OAS3 exon8

OAS3 exonl3 Lvsgsrlgss

OASL exon3 psLPNSOlEPEE

Exon group4

OAS1 exon4 LLT] U [KYMDFKNPITEKYJ#R]
OAS2 exoné [NEERETIRNTEL
OAS2 exon9 NFEBETVRKEFL
OAS3 exond i P K GFEEPAVGQFEO]
OAS3 exon9 A F o S A STERPAMRMHIL
OAS3 exonlé K TRMNAKBKTVGDFMK!
OASL exond L 'V KYYTLHNATIIEDCVRI

Exon group5

OAS1 exon5 EAWLNY PEFKNWDESEVSSRILL
OAS2 exon5 OTWLTSPNLDN--ELJAPS S!L
OAS2 exonl0 KEWLSS PEFKDG ip P
OAS3 exon5 ASCYDHPEFLRG VOSEKGP

OAS3 exonl0 ] >Tlg IAALGMOA@FELSRDET SVO M
OAS3 exonl5 IAACTSAL@CMGR LOPRPMK
OASL exon5 [SQCLKQOD@CYDNRENFTS S| K

Figure 5. Alignment of the protein sequences encoded by the exons of the OAS units in
human OAS1, OAS2, OAS3 and OASL genes (GenBank accession NC_000012.12 bases
112906934-112919907, 112978469-113011723, 112938352-112973249 and
121020292-121039242, respectively). The alignment was created using ClustalX
(Thompson et al., 1997) and modified manually. The identical amino acids are indicated
with black boxes and similar amino acids with grey boxes, the OAS-specific motifs are
shown. Based on (Justesen et al., 2000).

The 72 bp region (named E-IRS, -159 to -87) upstream of OAS! contains two
enhancer-like DNA elements, A (-159 to -122) and B (-109 to -87). They are
both required for the IFN-induced OASI! promoter activity. However, their
activity is independent of their orientation and position and they do not have to
be physically close to each other. The element A, carrying an IRF-E and GAS
site, has been proposed to function as a constitutive enhancer and element B,
which carries an ISRE site and is located downstream of A, has been suggested
to be the specific target of IFN-B; action. Downstream of the E-IRS, the
presence of sequences which bind a putative repressor was suggested (Benech
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et al., 1987; Cohen et al., 1988; Justesen et al., 2000).

The structures of the OAS2 and OAS3 promoters are more complex than that
of the OASI promoter. The OAS2 promoter is located in a region 972 bp
upstream from the translational start site. It contains an ISRE consensus
sequence, two IRF-1-like elements (I1 and 12), a putative GAS element, an
element resembling a NF-kB site, an AP-1 binding site and an ets-1 site (Wang
and Floyd-Smith, 1998). The OAS3 promoter region was identified as a 780 bp
region upstream of the translation start site and it is composed of at least one
ISRE, two IRF1-binding motifs, two GAS elements and one NF-kB site. In
addition to the classical elements of IFN-induced genes, the promoter of OA4S3
also contains binding motifs for transcription factors responsible for a basal
level of transcription, including SP1 and AP1-like site (Rebouillat et al., 2000).

Despite the presence of common motifs, the promoters of the three human
OAS genes do not possess a strong sequence homology. Similarly to the
evolution of the genomic sequences (conservation of exonic sequences and
divergence of intronic sequences), the evolution of the regulatory sequences
seems to be related to the conservation of the motifs indispensable for the
transcriptional induction by IFN (Rebouillat et al., 2000). None of the human
OAS genes contain a TATA or a CAAT box in their promoter sequences (Cohen
et al., 1988; Wang and Floyd-Smith, 1997; Rebouillat et al., 2000).

The mouse OAS gene family contains one Oas2, one Oas3 gene and eight
Oasl genes (Oasla — Oaslh) (Eskildsen et al., 2002; Kakuta et al., 2002). They
are located in a ~200 kb region of the mouse chromosome 5F (Fig. 3). The two
Oasl (Oasll and Oasl?) genes are located 6 Mb towards centromere (Mashimo
et al.,, 2008). Interestingly, the protein encoded by Oas/2 possesses 2',5'-
oligoadenylate synthetase activity while the protein encoded by Oas/l is
enzymatically inactive like human OASL (Eskildsen et al., 2003). The mouse
genomic segment harboring the OAS genes together with a few other flanking
genes is inverted when compared to the human OAS locus (Mashimo et al.,
2008). Oas2 and Oas3 share similar exon/intron structure with corresponding
human genes and are transcribed in the same orientation as well. The Oasl
genes also have a similar exon/intron structure, but they are ordered differently
— Oasla, Oaslc, Oasle and Oaslg are in the same orientation as human OAS1,
while Oaslib, Oasld, Oaslf and Oaslh are transcribed in the opposite direction
(Fig. 3; Eskildsen et al., 2002; Mashimo et al., 2003). In contrast to human
0OAS1 which encodes several alternative transcripts, the murine Oas/ genes are
not alternatively spliced. The exception is QOasla, which encodes two
transcripts differing in exon 6 (Mashimo et al., 2003). However, most of the
murine Oas! genes encode enzymatically inactive proteins (Kakuta et al.,
2002). Two pseudogenes, Oas/i and Oaslj, were identified 5' of the Oasld and
between Oaslb and Oaslf, respectively. They both have adjacent retrovirus-like
elements, suggesting that a retroelement integration has led to gene duplication
in this region (Kakuta et al., 2002; Perelygin et al., 2006).

The presence of OAS genes in other animals is discussed in Section 2.4.1.
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2.1.2. Protein structure

To date, three-dimensional structures of two mammalian OAS1 proteins have
been determined (PDB IDs: 1PX5 and 41G8; Hartmann et al., 2003; Donovan et
al., 2013). They show that the OAS monomer consists of two lobes, the N-
terminal catalytic domain and the C-terminal domain, connected by a helix-
loop-helix linker. The overall structure of OAS (Fig. 6) has a similar fold to that
of poly(A) polymerase in its catalytic and central domains. OAS does not have
the equivalent of PAP C-terminal domain that binds to the mRNA. The N-
terminal catalytic domain of OAS is structurally highly similar to the catalytic
domains of PAP (Fig. 1A), CCAtr (Fig. 1C) and DNA polymerase B. The C-
terminal domain of OAS has structural similarity to the central domain of PAP
(Hartmann et al., 2003; Kristiansen et al., 2011).

Figure 6. Crystal structures of the porcine OASI in apo form (A, PDB ID: 1PXS5) and
of human OASI in complex with dsRNA (green), substrate analog 3'-dATP (red) and
catalytic Mg*'-ions (yellow spheres) (B, PDB ID: 41G8). The N-terminal extension
(cyan) leads to the N-terminal catalytic domain (violet), interdomain linker (purple) and
C-terminal domain (blue). The catalytic aspartate residues are coloured black. The
figure was created using the PyMOL™ Molecular Graphics System.

The N-terminal catalytic domain consists of the offappp motif forming a
twisted five-stranded antiparallel B-sheet. The C-terminal domain of OAS is
formed by a four helix bundle and a three-stranded mixed B-sheet with an
additional interstrand connecting a-helix. The two domains are secured together
by a short N-terminal extension that extends across to the C-terminal domain
(Fig. 6; Hartmann et al., 2003; Kristiansen et al., 2011).

The active site of OAS is located on the interface between the N- and C-
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terminal domains and consists of residues from both domains (Hartmann et al.,
2003; Kristiansen et al., 2011). The catalytic triad conserved in the nucleotidyl
transferase superfamily is in human OAS1 formed by Asp75-Asp77 in the
strand B2 and Aspl148 in the strand 5. The three aspartate residues are highly
conserved in all enzymatically active OASs. Single or double mutants of
different OAS forms, where the aspartate residues were replaced by alanine,
were enzymatically inactive (Sarkar et al.,, 1999b; Yamamoto et al., 2000;
Donovan et al., 2013). These acidic residues in OAS coordinate two catalytic
divalent Mg** ions similarly to the corresponding residues in other members of
the NT family (Yamamoto et al., 2000; Hartmann et al., 2003; Donovan et al.,
2013).

Between strands f1 and B2 is the helical turn P-loop, where the conserved
Ser62 in porcine OAS interacts with the substrate ATP phosphate groups
(Hartmann et al., 2003). The P-loop motif in porcine OAS is *GGSSGKG®*
which is well conserved among mammalian OAS proteins. The mouse OASla
P-loop double mutant Gly62Ala/Gly63Ala (corresponding to Gly60 and Gly61
in porcine OAS) was inactive. Another P-loop mutant of the same enzyme,
Lys67Arg (Lys65 in porcine OAS), had reduced enzymatic activity of about
35% of the wt enzyme. However, when the lysine was mutated to methionine or
alanine, the activity was further reduced to a substantial degree (Yamamoto et
al., 2000; Torralba et al., 2008; Donovan et al., 2013).

The substrate binding sites of OAS were identified by cross-linking
radiolabeled ppp-azidoA2'p*5'dA to human OAS2 (p69). As a result, two
peptides *’SYTSQK** and *'DLIRLVK®" were identified. Mutational analysis
of potential substrate binding residues Tyr421, Arg544 and Lys547 confirmed
that there are indeed two independent substrate binding sites in OAS and
binding to each site is required for enzyme activity. Using dATP as a donor and
AS'ppp5'A as an acceptor molecule and measuring the K., values of different
substrates in the case of mutant proteins, the Tyr421(Phe88 in OAS1) and the
Arg544 (Arg210 in OAS1) were proposed to be the acceptor and the donor
binding sites, respectively. The Lys547Ala mutant had also reduced activity
(about 8% of wt), but the K, for dATP was only slightly elevated if compared to
wt enzyme (Sarkar et al., 2002). However, the position of the corresponding
residues Arg210 and Lys213 in the OAS]1 crystal structure suggests that the
Lys213 is in better position to interact with the substrate than the Arg210
(Donovan et al., 2013). Both residues are located in the highly conserved
sequence motif of mammalian OASs (LIRLVKHW) and are essential for
enzymatic activity as determined by mutational analyses (Hartmann et al.,
2003; Torralba et al., 2008). The Arg210 may be involved in stabilization of the
active site by interacting with the flexible backbone of the P-loop (Torralba et
al., 2008) or in dsRNA binding as it is located in the protein/RNA interface in
the cocrystal structure (Donovan et al., 2013).

Two OAS-specific conserved motifs YALELLT and RPVILDPADP are
referred to as Signatures 1 and 2, respectively. They contain essential amino
acid residues for OAS activity. Residues Tyr230, Glu233 and Asp300
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(numbered according to human OASI1) are implicated in substrate binding,
based on the structural modelling of the active site (Torralba et al., 2008;
Donovan et al., 2013). The Signature 2 is similar to the proposed nucleotide
recognition motif of polf} type NTs (Martin and Keller, 2007; Kjaer et al.,
2009). The conserved elements in OASs are shown on Fig. 5.

It has been proposed that human OAS1 and OAS2 need oligomerization for
their enzymatic activities. According to gel filtration experiments, the native
form of OAS2 might be a dimer and OASI1 likely exists in tetrameric form.
OAS3 eluted as a monomer (Marié et al., 1990b). In the C-terminus of the p48
OASI a stretch of 3 amino acid residues, Cys-Phe-Lys (the CFK motif) was
shown to be essential for enzymatic activity of the protein. When mutated, the
enzyme was able to bind dsRNA and ATP, but was not able to oligomerize. The
CFK motif was found to be conserved in other small isoforms of human OAS,
as well as in p69 and was proposed to be the oligomerization motif (Ghosh et
al., 1997). However, this sequence is not conserved in OAS proteins from other
animals (Justesen et al., 2000; Torralba et al., 2008; Donovan et al., 2013).
Currently there is no firm evidence that oligomerization is required for OASs
(Hornung et al., 2014).

2.2. Induction and activation of OAS proteins

The basal levels of OAS expression are low and vary between different OAS
isoforms and cell types (Witt et al., 1990; Witt et al., 1993). After treatment
with interferons, the levels of OAS increase significantly. The rate and fold of
induction are dependent on the OAS isoform, the cell type and the type of
interferon (Baglioni and Maroney, 1980; Witt et al., 1990; Witt et al., 1993; Liu
etal., 2012).

The OASs are synthesised as inactive proteins and they need to be activated
by dsRNA. However, they do not possess a typical RNA-binding motif (Kodym
et al., 2009). OAS proteins are able to bind different single-stranded and
double-stranded RNAs but there is no correlation between binding affinity and
the ability of the RNA to activate an OAS (Hartmann et al., 1998a; Kristiansen
et al., 2011). The crystal structure analysis shows that the dsRNA binds to the
protein surface at the junction of the N- and C-terminal lobes and induces a
major conformational change in the N-terminal lobe of the protein. The
rearrangements narrow the active site and bring together the catalytically
important aspartate residues to enable substrate binding (Donovan et al., 2013).

2.2.1. Induction of the OAS gene expression

The expression of OAS genes is induced by both, Type I (IFN-a and IFN-) and
Type II (IFN-y) interferons. However, Type I IFNs are more effective in
inducing OAS than Type II IFN. The fold of induction is several times higher
and the increase in OAS activity is more rapid after the treatment of cells with
IFN-a or IFN-B than with IFN-y (Rosenblum et al., 1988; Witt et al., 1990; Der
et al., 1998; Rebouillat et al., 2000; Liu et al., 2012). The induction mechanism
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by different types of interferons is obviously different, since Type I interferons
induce the OAS mRNA synthesis in the presence of cycloheximide, when the
protein synthesis is inhibited, whereas Type II interferon does not (Baglioni and
Maroney, 1980).

Both the basal OAS levels and the scale of induction also seem to be cell
type specific (Hovanessian et al., 1987; Chebath et al., 1987a; Witt et al., 1990;
Marié et al., 1990b; Witt et al., 1993). For example, after treatment with IFN-j3,
monocytes had greater OAS activity than lymphocytes or macrophages (Witt et
al., 1990). Furthermore, one isoform of OASI1, the p42, was not expressed in
Daudi cells (Chebath et al., 1987a).

Considering the structure of the promoters of the OAS genes (see Section
2.1.1), their expression is likely regulated by several different factors.
Glucocorticoids, various growth factors (e.g. epidermal growth factor, nerve
growth factor), protein kinase C and interleukin (IL-6) have been shown to
induce OAS alone or in combinations with interferons (reviewed in Player and
Torrence, 1998). The OAS proteins are induced differentially. The levels of
OAS1 were the most elevated after the treatment of cells with Type I IFNs if
compared to the levels of OAS2 and OAS3 (Rosenblum et al., 1988; Der et al.,
1998). This may be achieved due to the presence of distinct sets of regulatory
elements in their promoters.

2.2.2. Activators of OAS proteins

In the absence of the dsRNA activator, the enzymatic activity of the OAS is
often below the detection level. Binding of the suitable dsRNA activator
enhances the enzyme activity more than 1000-fold (Justesen et al., 2000). The
potential to activate OAS depends on various features of the dSRNA, including
length, sequence composition, nucleoside modifications and deviations from the
perfect duplex (Meng et al., 2012).

The most commonly used activator for studying various aspects of OAS
enzymatic activity in vitro is the synthetic double-stranded RNA
poly(I)-poly(C). The amount of poly(I)-poly(C) required for the activation of
OAS proteins varies in the range of two orders of magnitude. However, the
comparisons are somewhat unreliable, since the commercially available
polynucleotide preparations used in the experiments may not be uniform in their
molecular size distribution and double-strandedness (Justesen et al., 2000). The
optimal concentration of dsRNA (ug/ml) is dependent on the amount of the
enzyme in the activity assay and is estimated to be about half as much as the
enzyme concentration (ug/ml) in the case of murine OAS3. If the concentration
of the dsRNA is increased above the optimal value, the specific activity of the
OAS decreases (Samanta et al., 1980).

Several attempts have been made to find the structural features of the RNA
important for the activation of OAS proteins. No correlation exists between
RNA size, binding affinity and OAS activation (Hartmann et al., 1998a;
Molinaro et al., 2006). dsRNAs forming A-helices of different sequences
exhibit striking differences in their capability to activate OAS. By testing a pool
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of chemically synthesised short dsSRNAs with specific sequences, a sequence
motif required for the activation of OAS, NNWWNNNNNNNNNWGN, was
proposed. Due to the 9 base-pairs between the two critical sequence patterns
(WW and WGQG) they are separated by a full turn of the A-helix making the
minor grooves of all four base-pairs accessible from one side of the dsRNA.
With certain assumptions, the decisive features of this sequence are in
accordance with the activator most commonly used in vitro, synthetic
poly()-poly(C) (Kodym et al., 2009).

The presence of certain modified nucleosides in the RNA reduces its ability
to activate OAS. If compared to unmodified RNA, the RNAs with identical
sequences containing pseudouridine, N6-methyladenosine or 2-thiouridine were
poor activators (Anderson et al., 2011).

No particular RNA species has been identified as a natural activator but
different viral and cellular RNAs have been reported to activate OAS
(Hartmann et al., 1998a). For example, the HTLV-1 Rex-RE, a viral RNA with
highly branched secondary structure containing complex stem-loops, was able
to stimulate OAS activity of the interferon-treated HeLa cell extracts and of the
highly purified recombinant OAS! in a dose-dependent manner (Mordechai et
al., 1995). HIV-1 TAR RNA and Epstein-Barr virus RNA EBER-1 were equally
potent activators of the purified recombinant OAS1 (Mordechai et al., 1995;
Sharp et al., 1999). However, in the presence of the same concentration of
poly(I)-poly(C) the specific activity of the OAS was about 3-5 times higher than
that in the presence of the viral RNAs. The authors suggest that this may be due
to the shorter double-stranded regions in these RNAs if compared to the
poly(I)-poly(C) (Mordechai et al., 1995; Sharp et al., 1999).

The partially double-stranded adenoviral virus-associated RNA I (VA) could
also activate OAS, though it was 10-fold less effective than the perfect dsSRNA
poly(I)-poly(C). The VA; RNA exists in solution as a highly base-paired
molecule with two long imperfectly base-paired stems of 23-25 bp joined at the
center by a short stem-loop structure. The mutants of VA; RNA, where the
mismatches in the stem regions were repaired, were much better activators of
OAS than the wt VA; RNA. One of the mutants with 26 bp perfectly paired
stem was almost as good activator as poly(I)-poly(C). The mutants, in which the
structure of the central stem-loop was disrupted, had reduced capabilities to
activate OAS (Desai et al., 1995). Furthermore, recent results indicate that
while the full-length VA; RNA activates OASI, the biologically relevant Dicer-
processed molecule, missing the terminal stem, does not. Since this truncated
RNA has greater affinity for OAS1 than the full-length VA, the virus could use
it as an effective mechanism to supress the OAS1-mediated immune response
(Meng et al., 2012).

Total cellular RNAs from different cells and tissues have been shown to
activate OASs. RNA samples from pancreatic f cells and total RNA from heart
tissue had the highest activation abilities whereas the cellular RNA isolated
from immune cells and tissues (thymus and spleen) showed the lowest ability to
activate OAS (Dan et al., 2012). Two specific mRNAs capable of binding to
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and activating recombinant OAS]1 in in vitro assays were cloned from prostate
cancer cells. These mRNAs, encoding poly(rC)-binding protein 2 (PCBP2) and
Raf kinase inhibitor protein (RKIP), were able to stimulate OAS activity to 40-
60% of the activity obtained with poly(I)-poly(C) (Molinaro et al., 2006).

2.2.3. Mechanism of activation

The recently published crystal structure of human OAS1 in complex with
dsRNA and substrate analog 3'-dATP revealed the activation mechanism of
mammalian OAS proteins. Two adjacent minor grooves in the dsRNA are
recognized by two dsRNA binding sites located ~30 A apart in the OAS
molecule. This interaction distorts the dSRNA from the ideal A-form helix by
bending the ribophosphate backbone and also causes major conformational
rearrangements in the N-terminal domain of the OAS protein (Donovan et al.,
2013).

The helix N3 moves from the position that blocks dsRNA binding to the
position that forms a part of the protein/dsRNA binding interface. The C-
terminus of helix N5 moves outward from dsRNA and the B-sheet floor slides
towards helix N5. Two basic side chains, Lys66 and Argl95, exchange their
positions next to Glu233 resulting in the formation of a new helix N4 from a
previously existing strand. This conserved element of structure that begins with
strand B1, continues with the dsRNA-induced helix N4 and ends with strand 2
is referred to as RNA-induced catalytic structure (RICS) (Donovan et al., 2013).

O A o ATP
D148,77,75 o

A

Figure 7. Model for OAS activation by dsRNA. Reprinted from Donovan et al., 2013,
copyright (2013), the authors.

In the inactive conformation of the OAS the catalytic residues Asp75, Asp77 in
the strand B2 and Aspl48 in the strand B5 face divergent directions and are
unable to coordinate Mg”" ions or bind substrate (Fig 6A). The conformational
changes induced by dsRNA narrow the active site and bring the catalytic
aspartate residues together to enable substrate binding and catalysis (Fig. 6B,
7). The constitutively active PAP and CCAtr contain bulky hydrophobic
residues in their protein cores that lock their active sites in the RICS-equivalent
conformations (Donovan et al., 2013).

2.3. Functions of OAS

It is not clear why so many OAS isoforms exist and what the specific functions
of each isoform are. These enzymes are induced differentially by interferons
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(see Section 2.2.1). Also, their cellular distribution is divergent. In addition to
cytoplasmic localization, the OAS1 enzymes have been detected in the nuclear
fraction, the p46 isozyme has also been found in association with ribosomes.
OAS2 was found to be distributed in and around nuclei, in mitochondria and
cell membranes as well as in ribosome-containing areas of cytoplasm. OAS3 is
believed to be mainly associated with rough endoplasmic reticulum. The
subcellular location of the OAS isoforms varied slightly depending on the cell
line studied (Hovanessian et al., 1987; Chebath et al., 1987a; Mari¢ et al.,
1990b; Besse et al., 1998). The myristylation of p69 OAS2 was proposed to
account for its association with membranes (Marié et al., 1990b).

In addition to the dissimilar expression pattern, the OASs also exhibited
different enzymatic characteristics. The OAS3 was already activated by 1 pg/ml
of poly(I)-poly(C), while OAS2 and OASI1 required significantly higher
amounts of dsRNA for their maximum activity (Mari¢ et al., 1997
Bandyopadhyay et al., 1998; Eskildsen et al., 2003). OAS2 was able to
synthesise the longest 2-5A oligomers, longer than 20-mers have been detected
in the activity assays (Marié et al., 1997; Sarkar et al., 1999a). The OASI
synthesised 2-5A up to 8-mers, the main products being dimer to tetramer
(Eskildsen et al., 2003). The OAS3 preferentially catalysed the formation of 2-
5A dimers. However, after longer incubation times, higher oligomers were also
present in the reaction mixture (Marié et al., 1997; Rebouillat et al., 1999).

The different OAS isoforms are likely involved in a number of cellular
processes, each having its particular role and mode of regulation. The best
characterized function of mammalian OASs is the RNase L-dependent response
to the infection of several viruses (reviewed in Silverman, 2007). Additional
roles for the OAS-RNase L system and for different OAS isoforms have been
proposed, such as regulation of cell growth and differentiation as well as
induction of apoptosis (Rysiecki et al., 1989; Salzberg et al., 1990; Salzberg et
al., 1997; Castelli et al., 1997; Ghosh et al., 2000; Ghosh et al., 2001; Domingo-
Gil and Esteban, 2006).

The expression pattern of genes associated with various cellular processes
was changed when the OAS-RNase L pathway was activated. The up-regulated
genes were the genes involved in transcription, translation, cell growth arrest
and apoptosis. Down-regulated genes were related to protein synthesis, cell
proliferation and maintaining mitochondrial homeostasis (Domingo-Gil et al.,
2010).

The C-terminal domain of OASs and other nucleotidyl transferases of the
pol B family was found to be structurally homologous to the a-helical ATP-
cone, a nucleotide-binding regulatory domain of ribonucleotide reductases and
other enzymes and transcription regulators. It was suggested that the pol B C-
terminal domain binds RNA and might have nuclease activity. This domain is
also present in NRAPs, nucleolar RNA-binding proteins, that do not possess the
NT domain. It was proposed that in OASs, devoid of 2-5A synthesising activity,
the potentially active C-terminal domain may be the functional domain and the
inactive NT domain may have a regulatory role (Rogozin et al., 2003).
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The best characterized functions of OASs are described in the following
sections.

2.3.1. Antiviral response

The OAS-RNase L antiviral pathway is depicted on Fig. 8. The expression of
OAS and RNase L genes is induced by interferons. Both enzymes are
synthesised as inactive proteins and they need to be activated by their cofactors.
In the case of viral infection, dSRNA, that may originate from the viral genome
or be a replication intermediate, binds to and activates OAS, which then
catalyses the synthesis of 2-5A oligomers. The 2-5A oligomers bind to the
pocket formed between two ankyrin repeats and the pseudo-protein kinase
domain in RNase L (Han et al., 2014). RNase L then forms homodimers and
becomes active (Dong and Silverman, 1995). The active RNase L cleaves
single-stranded RNA 3' of the UpAp and UpUp dinucleotides (Wreschner et al.,
1981). Depending on the levels of 2-5A in the cell, the RNase L may
preferentially cleave viral RNA. Higher 2-5A levels have been shown to cause
also the degradation of rRNA and cellular mRNA (Li et al., 1998).
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Figure 8. The OAS-RNase L antiviral pathway. Reprinted by permission from
Macmillan Publishers Ltd: Nature Reviews Immunology (Sadler and Williams, 2008),
copyright (2008).

To restrict the activation of RNase L and limit the antiviral response, 2-5A
oligomers are rapidly degraded by 2'-phosphodiesterase and 5'-phosphatase
(Kubota et al., 2004). The activity of RNase L is also regulated by a specific
protein RNase L inhibitor (RLI), which interacts with the latent RNase to
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prevent it from binding 2-5A and subsequent dimerization (Bisbal et al., 1995).
RNase L can suppress viral infections by cleaving different RNA substrates
(reviewed in Silverman, 2007). From the perspective of the infected cell, the
most preferred scenarios are the cleavage of viral genomic RNA to prevent
virus from replicating or the cleavage of viral mRNA to inhibit viral protein
synthesis. Degradation of cellular mRNAs and rRNAs that are required for viral
replication is another effective strategy against viral infections. Besides, some
small host cell RNA cleavage products may initiate a signal pathway that results
in amplification of IFN production and achieving a broader antiviral response in
the organism. The most severe response to viral infection is the elimination of
infected cells by apoptosis (Silverman, 2007).

The antiviral effect of the OAS has been demonstrated against members of
several RNA virus families. OAS1 or OAS2 expression in cells caused dose-
dependent inhibiton of Encephalomyocarditis virus (EMCV, family
Picornaviridae) replication (Chebath et al., 1987b; Coccia et al., 1990; Marié et
al., 1999; Ghosh et al., 2000). Several OAS proteins were shown to mediate
resistance to Dengue virus, a member of the Flaviviridae family (Lin et al.,
2009). A SNP that leads to the production of OAS1 isoforms with lower
enzymatic activity has been correlated with the higher probability of the West
Nile virus (WNV, family Flaviviridae) infection if compared to patients
expressing OAS1 p46 isoform with higher enzymatic activity (Lim et al., 2009).
The OAS-RNase L pathway has been implicated in antiviral response to
Respiratory syncytial virus (RSV), a member of another RNA virus family,
Paramyxoviridae (Behera et al.,, 2002). However, most DNA viruses are
resistant to the OAS-RNase L system (Silverman, 2007).

In addition to the traditional antiviral pathway, RNase L-independent
responses to viruses have been described for some OAS isoforms (reviewed in
Kristiansen et al., 2011). Both, the human OASL and murine Oaslb that lack
enzymatic activity and are therefore unable to activate RNase L possess
antiviral activity. It was shown that the Oas1b inhibits the accumulation of viral
RNA in early stages of the WNV infection (Kajaste-Rudnitski et al., 2006). The
antiviral activity of OASL against EMCV requires the ubiquitin-like domain of
the protein (Marques et al., 2008). Furthermore, the enzymatically active
porcine OAS1 was demonstrated to enter into cells when added exogenously
and to possess strong antiviral activity which was independent of its enzymatic
activity and RNase L activation (Kristiansen et al., 2010). However, the exact
mechanism of these RNase L-independent antiviral actions is unknown.

In the light of these results it has been speculated that the OAS proteins may
have two independently acting antiviral pathways, the classical RNase L-
dependent and a yet uncharacterized RNase L-independent pathway
(Kristiansen et al., 2011).

2.3.2. Apoptosis

After the activation of the OAS-RNase L pathway, several genes related to the
induction of apoptosis were up-regulated and the expression of antiapoptotic
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genes was decreased (Domingo-Gil et al., 2010). It was found that the rRNA
degradation occurring simultaneously with apoptosis resembled the rRNA
cleavage induced by RNase L. Furthermore, cells that lacked RNase L activity
were more resistant to apoptosis than cells expressing active RNase L (Castelli
et al., 1998). One possible mechanism for OAS-RNase L system to induce
apoptosis is the RNA degradation which results in protein synthesis inhibition
and leads to apoptosis (Diaz-Guerra et al., 1997). In the context of Vaccinia
virus infection, the induction of apoptosis by OAS-RNase L system involves
rRNA cleavage and subsequent caspase activation. Caspases 2, 8 and 9 are
implicated in this process. After caspase activation, morphological and
physiological changes occur in mitochondria, including the disruption of
mitochondrial potential and cytochrome c release (Domingo-Gil and Esteban,
20006).

RNase L-independent proapoptotic activity has been attributed to one human
OASI1 isoform, p48 (Ghosh et al., 2001). The apoptosis inducing function of
this protein was discovered, as its expression by transfection of HT1080 cells
caused cell death. Further experiments demonstrated that it was due to cellular
apoptosis indicated by cytochrome c release from mitochondria, caspase
activation and DNA fragmentation. This induction of apoptosis was shown to
be isoform-specific and independent of the 2',5'-oligoadenylate synthesising
activity, since the enzymatically inactive mutants of p48 were also active in
causing apoptosis in the HT1080 cells. The apoptotic effect of p48 was also
seen in the RNase L-/- fibroblasts, further demonstrating that the 2'5'-
oligoadenylate synthesis and subsequent activation of RNase L was not
required. Other OAS1 isoforms, p42 and p46, or OAS2 isoform p69 were not
able to induce apoptosis when expressed in cells at similar levels. Finding of the
putative Bcl-2 homology 3 (BH3) domain in the C-terminal tail of the p48
protein pointed to a possible mechanism of causing apoptosis by binding to the
anti-apoptotic proteins Bcl-2 and Bcel-x; (Ghosh et al., 2001).

2.4. Evolution of OAS

The remarkable structural similarity between the catalytic core of OAS and that
of PAP and Class I CCAtr suggests that these enzymes share a common
evolutionary origin (Kristiansen et al., 2011). It has been proposed that the
ancestral OAS diverged from an ancient template-independent nucleotidyl
transferase at the beginning of metazoan evolution (Torralba et al., 2008). OAS
obtained a unique ability to catalyse the formation of oligonucleotides with
2'.5'-phosphodiester linkages instead of ordinary 3',5'-linkages and to initiate
synthesis from ATP without requiring any primer (Torralba et al., 2008;
Kristiansen et al., 2011). In contrast to constitutively active nucleotidyl
transferases, OAS evolved to require dsRNA binding for the assembly of its
active site (Donovan et al., 2013).

The ancestral OAS was apparently similar to the modern OAS1 proteins.
Early in the vertebrate evolution, the ancient OAS gene duplicated giving rise to
the predecessors of modern OASI and OASL genes. Ancestral OASL later fused
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to the ubiquitin-like domain present in the C-terminus of modern OASL
proteins (Kjaer et al., 2009). The mammalian OAS gene family has further
expanded by gene duplications, domain coupling to form multidomain genes,
block duplications to simultaneously produce copies of multiple genes and
domain duplications within the genes (Kumar et al., 2000).

2.4.1. Occurrence of OAS

The human and mouse OAS gene families are well characterized (see Section
2.1.1). The OAS genes of the rat (Rattus norvegicus) are clustered on
Chromosome 12. Their number, organization and exon/intron structure is very
similar to the Oas locus in the mouse genome indicating common structures of
OAS gene families in rodents (Perelygin et al., 2006). The equine and canine
OAS gene families are similar to that of humans. In the genomes of pig and
cattle the OASI gene is present in three copies and the gene corresponding to
human OAS3 has not been found (Perelygin et al., 2005; Perelygin et al., 2006).
It is believed that, with some exceptions, the four types of OAS genes are
present in all mammals (Kjaer et al., 2009).

A single OAS gene (OASL) was found in chicken. It is composed of six
exons. The first five exons encode the catalytic domain of OAS with the
exon/intron structure similar to that of human OAS! gene and the sixth exon
encodes the ubiquitin-like domain of two consecutive sequences (UbL1 and
UbL2) homologous to ubiquitin. The chicken OAS gene has two alleles, A and
B, encoding two types of OAS proteins. OAS-B lacks 32 amino acid residues
from the highly hydrophobic region of the UbL1 sequence if compared to OAS-
A. Both proteins are enzymatically active. However, the OAS-B exhibits only
10-15% of the enzymatic activity of the OAS-A protein (Yamamoto et al., 1998;
Tatsumi et al., 2000).

OAS mRNAs have also been cloned from evolutionarily lowest animals,
marine sponges Geodia cydonium (Wiens et al., 1999), Geodia barretti
(Vallmann et al., 2011), Suberites domuncula (Grebenjuk et al., 2002) and
Haliclona panicea (Miiller and Miiller, 2003) and a freshwater sponge
Lubomirskia baicalensis (Schroder et al., 2008). The demonstration of the OAS
activity in several other marine sponge extracts indicates that OASs are widely
distributed in sponges (Reintamm et al., 2003b).

OAS activity has previously also been detected in reptiles but not in
amphibians, fish or insects (Cayley et al., 1982). The OAS genes were not
found in the sequenced genome of the frog Xenopus tropicalis. However, by
analysing the NCBI EST database, OAS genes in two salamander species
belonging to genus Ambystoma were identified (Kjaer et al., 2009). The
sequencing of the elephant shark (Callorhinchus milii) genome revealed the
presence of the OAS gene in this organism (Venkatesh et al., 2007). Putative
OAS sequences were also found among EST data from two other cartilaginous
fish species, the dogfish shark (Squalus acanthias) and the little skate
(Leucoraja erinacea) (Kjaer et al., 2009). These results demonstrate the
presence of OAS in amphibians and cartilaginous fish, while the three
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sequenced teleost fish (two pufferfish species Takifugu rubripes and Tetraodon
nigroviridis and the zebrafish Danio rerio) have evidently lost the respective
genes (Venkatesh et al., 2007).

Based on a bioinformatic analysis, the presence of OAS genes was predicted
in tunicates (sea squirt Ciona intestinalis) and in cephalochordates (amphioxus
Branchiostoma floridae) (Torralba et al., 2008; Kjaer et al., 2009).

OAS genes were also identified in several evolutionary branches of
multicellular animals belonging to the Protostomia clade. The presence of
predicted OAS genes in the genomes of the leech Helobdella robusta and the
polychaete worm of genus Capitella indicate the occurrence of OAS in
annelids. The sequenced genome of the gastropod snail Lottia gigantea contains
two OAS genes. The search in the EST database confirms the presence of OAS
genes in other animals from the phylum Mollusca, as well — the mussel Mytilus
californianus and the oyster Crassostrea virginica. However, no OAS genes
have been found in the sequenced genomes of insects Drosophila melanogaster,
Aedes aegyptii, Anopheles gambiae, Apis mellifera and the nematode
Caenorhabditis elegans (Kjaer et al., 2009).

In addition to sponges, the OAS genes appear to be present in other
divergent marine animals, as well. In the sea anemone Nematostella vectensis
belonging to phylum Cnidaria, the OAS gene prediction based on the sequenced
genome is supported by the EST evidence (Torralba et al., 2008; Kjaer et al.,
2009).

According to the bioinformatic analysis of the sequenced genomes and the
EST databases, the small OAS proteins — OAS1 and OASL — are widely
distributed on the phylogenetic tree of animals. The medium (OAS2) and large
(OAS3) forms, on the other hand, appear to be present only in mammals (Kjaer
et al., 2009).

Surprisingly, the presence of OAS sequences has also been predicted in the
genomes of unicellular organisms, the choanoflagellate Monosiga brevicollis
and the green algae Chlamydomonas reinhardtii. It has been speculated that the
choanoflagellate OAS could have been the first protein with 2',5'-oligoadenylate
synthesising activity (Kjaer et al., 2009). Genes that show conservation in
regions containing OAS-specific motifs have been identified in some bacteria.
However, the authors propose that these may have been acquired by the
horizontal gene transfer from eukaryotes (Kjaer et al., 2009).

2.4.2. Origin of the OAS gene family

Clustering of OAS genes in a close proximity in the human genome suggests
their common ancestry (Rebouillat and Hovanessian, 1999). It has been
proposed that the medium and large OAS forms evolved by duplication of the
ancestral gene, possibly encoding the small OAS form (Rebouillat et al., 2000).
A comparison of the N- and C-terminal OAS units present in the human OAS2
with the first 346 amino acid residues of OAS1 revealed 41% and 53% identity,
respectively (Marié and Hovanessian, 1992). The N-terminal, middle and C-
terminal OAS units of OAS3 share 42%, 47% and 60% identity with the OAS
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unit of OASI, respectively. Furthermore, in OAS3 the N-terminal and middle
units are more similar to one another than to the C-terminal unit (Fig. 5;
Rebouillat et al., 1999; Rebouillat et al., 2000). Interestingly, the C-terminal
unit in OAS2 and OAS3 has the highest degree of identity to OAS]1, especially
in the conserved motifs that are considered to be important for OAS enzymatic
activity (Hovanessian and Justesen, 2007).

By constructing a phylogenetic tree of all OAS units present in the four
types of OAS proteins, two groups of researchers (Kumar et al., 2000;
Perelygin et al., 2006) have proposed a similar scenario for the evolution of the
OAS gene family (Fig. 9). They suggest that the first event was the duplication
of the ancestral OAS gene producing the ancestors of the OASL-related and
OASl-related groups. Next the duplication of the cromosomal segment
containing those two genes occurred. One OASI1-related gene then evolved into
the ancestral OAS1 gene, while the other evolved into the C-terminal domain of
the two-domain ancestral gene, OAS2. Similarly, one of the OASL-related
genes became the ancestor of modern OASL genes and the other evolved into
the N-terminus of the ancestral OAS2. Subsequently, an internal domain
duplication generated the modern three-domain OA4S3 gene (Kumar et al., 2000;
Perelygin et al., 2006). This model explains why modern OAS! genes are more
closely related to the C-terminal OAS units of the OAS2 and OAS3 genes, while
the N-terminal units are more closely related to the OASL genes (Perelygin et
al., 2006).

ancestral OAS

gene duplication

segment duplication

domain
coupling

OASL1  OASL2 OAS1

ﬁene_ .
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Figure 9. The model for the evolution of the OAS gene family. Based on Kumar et al.,
2000; Perelygin et al., 2006.

The OASI gene is found in most animals where the OAS genes are present.
Furthermore, it is the only type of OAS found in the evolutionary branches of
animals that diverged before the vertebrate lineage. This confirms the
hypothesis that the ancestral gene may have been the ancient OASI. The
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presence of an OASL gene in the little skate (Leucoraja erinacea) and the
elephant shark (Callorhinchus milii) but not in tunicates or cephalochordates
(Kjaer et al., 2009) indicates that the aqcuisition of the ubiquitin-like domain
occurred before the divergence of cartilaginous fishes. The phylogenetic
analysis of OASL genes from different animals divides them into three groups
which may be a distinction between active and inactive OASL proteins. The
proteins grouped together with active OASL from chicken and OASL2 from
mice could also be expected to have enzymatic activity, while the proteins
grouped with OASL1 proteins are probably not active in the 2-5A synthesis
(Kjaer et al., 2009). Based on the phylogenetic tree of known OASL proteins it
seems that the duplication of the OASL gene to OASLI and OASL?2 and the loss
of activity of OASL1 proteins occurred in the common ancestor of mammals or
early in mammalian evolution. A pseudogene corresponding to mouse Oas/2
has been found in the human genome (Eskildsen et al., 2003). However, there is
too little information about the true number and enzymatic activity of OAS and
OASL in animals phylogenetically older than mammals to draw definitive
conclusions.

The OAS2 and OAS3 genes are found only in mammals. The OAS2 gene
evolved after the OASL gene was already present and the OA4S3 gene originated
after the OAS2 gene. The OAS2 gene was found in the possum genome and it is
assumed that the OA4S3 evolved after the divergence of marsupials (Kjaer et al.,
2009). However, it is also possible that the OAS3 gene was lost in possum as it
has happened in other genomes during the mammalian evolution. For example,
no OAS3 was found in the cattle or pig genomes (Perelygin et al., 2006).

3. Sponges

Sponges (phylum Porifera) are commonly considered to be the simplest and
most ancient, still extant multicellular animals. Their presence has been dated
back to more than 700 million years (Erwin et al., 2011). Sponges are aquatic
sessile filter-feeding animals with a simple body plan. They have more than 10
types of specialized cells, e.g. pinacocytes, which form the external cover;
choanocytes, which are flagellated collar cells that create the water current
through the canals; sclerocytes, which secrete spicules, the elements of the
sponge skeleton; archeocytes, which are amoeboid cells, that move freely in the
mesohyl and are capable of phagocytosis; and bacteriocytes, which contain
procaryotic symbionts in their vacuoles. Most sponge cells can de- and
redifferentiate. Sponges have no true organs and the presence of tissues is
debated (rewieved in Ereskovsky, 2010).

Sponges are classified into 4 classes — Demospongiae, which is the largest
class consisting of sponges with siliceous spicules and/or with a skeleton of
organic fibers; Hexactinellida or glass sponges, which have syncytial tissues
and siliceous spicules with a triaxonic symmetry; Calcarea or calcareous
sponges, whose mineral skeleton is composed of calcium carbonate; and
Homoscleromorpha which, unlike other sponges, contain a basement membrane
(Van Soest et al., 2012).
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At present there are over 8500 sponge species described, but it is estimated
that the actual number of species is twice as large. Sponges are currently
divided into 25 orders, 128 families and 680 genera. The majority of the sponge
species (83%) belong to the class Demospongiae. Hexactinellida and Calcarea
both include 8% of the sponge species (623 and 681 species, respectively).
About 1% (87) of the sponge species is classified into the class
Homoscleromorpha (Van Soest et al., 2012). Most of the sponge species live in
the marine environment but about 250 species have adapted to life in fresh
water (Van Soest et al., 2012).

3.1. Importance to science

The scientific interest towards sponges has rapidly increased during the past
decades. Porifera as the earliest branching metazoan phylum is of significant
interest in the studies of metazoan genome evolution. Sponges may be the clue
to understanding the evolutionary origin of multicellularity. Resolving the
question of sponge monophyly or paraphyly is essential for making
assumptions about the features of the last common ancestor of the Metazoa
(Philippe et al., 2009). Besides, several genes regarded as common to higher
animals have been found in the sponge genomes. However, the corresponding
processes (e.g. certain developmental and neuronal signaling pathways) are not
present or not recognized in sponges. These data raise the question about the
complexity of the metazoan ancestor (Riesgo et al., 2014).

The remarkable plasticity of their cellular organization and differentiation is
the reason why sponges are of great interest in stem cell studies (Ereskovsky,
2010; Funayama, 2010). The production of secondary metabolites with
bioactive properties makes sponges invaluable tools for pharmaceutical
research in hope of developing new and more effective drugs (reviewed in
Laport et al., 2009). Moreover, sponges are an important component of the
benthic fauna; they influence the marine ecosystem by having an impact on the
growth substrate and nutrient cycling, as well as by associating with other
marine organisms (reviewed in Bell, 2008).

3.1.1. Phylogenetic studies

The multicellular animals are believed to be of monophyletic origin (Miiller,
1995) and it is accepted that the choanoflagellates represent the closest living
unicellular relatives of multicellular animals. However, the evolutionary
distance between choanoflagellates and metazoans is substantial, and evidently
few, if any, intermediate lineages have survived (King et al., 2008). The
question of the earliest branching metazoan lineage has been debated for a long
time. Furthermore, the relationships between the four non-bilaterian animal
phyla — Placozoa, Porifera, Cnidaria and Ctenophora — as well as class-level
relationships within these phyla are still obscure (Osigus et al., 2013).
Historically, based on their morphological features, sponges are considered
to have been the first to diverge from the phylogenetic tree of the multicellular
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animals (Nielsen, 2008). This view is supported by recent molecular
phylogenies, based either on nucleus-encoded protein or genomic sequences
(Srivastava et al., 2008; Philippe et al., 2009; Sperling et al., 2009; Srivastava et
al., 2010; Pick et al., 2010; Erwin et al., 2011). However, the size, gene content
and phylogenetic analysis of the mitochondrial genomes as well as the analysis
of a complex set of data including morphological characters, ribosomal gene
sequences and nuclear coding genes place Placozoa at the basis of the Metazoa
(Schierwater et al., 2009; Osigus et al., 2013). On the other hand, the sequence
of the ctenophore Mnemiopsis leidyi genome supports the hypothesis that
Ctenophora is the sister group to all other animals (Ryan et al., 2013).

Whereas the monophyly of Placozoa, Cnidaria, Ctenophora and Bilateria has
not been questioned by molecular phylogenetic analyses, this is not the case for
Porifera (Dohrmann and Wdorheide, 2013). Morphological character analysis
supports the hypothesis that sponges form a monophyletic group (Peterson and
Eernisse, 2001). It means that the sponge body plan (notably featuring an
aquiferous system with internalized choanocyte chambers and the pinacoderm)
may have evolved in the stem line of the Porifera after divergence from the
common ancestor. Rather than reflecting the ancestral animal form, sponges are
better considered as highly specialized organisms, possibly having acquired a
sedentary life style from a hypothetical pelagic ancestor (Philippe et al., 2009).
On the other hand, several phylogenetic analyses based on rDNA, nuclear
housekeeping genes or mitochondrial genomes have proposed sponge
paraphyly (Peterson and Eernisse, 2001; Sperling et al., 2009; Erwin et al.,
2011; Osigus et al., 2013; Nosenko et al., 2013). The mitochondrial genome
analysis revealed a sister group relationship between demosponges and the
Homoscleromorpha and grouped the Hexactinellida as a sister group to
Bilateria (Osigus et al., 2013). The phylogenetic analysis based on nuclear
housekeeping genes found three independent sponge lineages, the
Demospongiae + Hexactinellida, the Calcarea and the Homoscleromorpha. The
latter was found to be more closely related to eumetazoans than to
demosponges (Sperling et al., 2009). The presence of the basement membrane
in homoscleromorphs (Leys et al., 2009; Leys and Riesgo, 2012) supports this
hypothesis. In the case of the sponge paraphyly, the features shared by modern
sponges would have already been present in the common ancestor of the
Metazoa with a sponge-like body plan, and later been lost in some branches
during evolution (Philippe et al., 2009). However, the recent molecular
phylogenetic studies have also supported the sponge monophyly hypothesis
(Schierwater et al., 2009; Philippe et al., 2009; Pick et al., 2010; Nosenko et al.,
2013). It was suggested that the shortness of the branch leading to Porifera
reflected the closely spaced splitting events during the emergence of sponge
linecages and this was the reason for the difficulty in recovering sponge
monophyly in previous studies (Philippe et al., 2009). Increased taxon sampling
has been shown to further support the hypothesis of monophyly of the Porifera
(Nosenko et al., 2013).

It is clear that better methods and increased taxon sampling are needed for
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future studies. Moreover, in addition to molecular sequence data analysis,
integrative approaches including analyses of morphology, cytology,
development and genome architecture could be helpful in a final clarification of
the early evolution of multicellular animals (Dohrmann and Worheide, 2013).
The current consensus view of the relationships between the metazoan lineages
is presented on Fig. 10.
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Figure 10. Current consensus view of phylogenetic relationships of the major metazoan
lineages (Dohrmann and Worheide, 2013). Reprinted by permission of Oxford
University Press.

In addition to the uncertain divergence of sponges and other multicellular
animals, the phylogenetic relationships inside the sponge classes are also
unsettled.

Only recently, the fourth sponge class — Homoscleromorpha — was
recognized as a separate class and not belonging to the class Demospongiae
(Gazave et al., 2010; Gazave et al.,, 2012). Besides, the division of
Homoscleromorpha into two families (Plakinidae consisting of sponges with
spicules and Oscarellidae consisting of aspiculate species) was restored (Gazave
et al., 2010).

The relationships between demosponge lineages are uncertain, as well. For
example, the position of freshwater sponges in the demosponge order
Haplosclerida is questioned (Van Soest et al., 2012; Hill et al., 2013).

The data about sponge genomes is scarce. The genome size estimates for the
75 species of sponges, mostly marine demosponges, averaged 0.2 = 0.01 pg
(about 200 Mb) with a remarkable variation — from 0.04 pg in Tethya actinia to

37



0.63 pg in Mycale laevis (Jeffery et al., 2013). The genome of only a single
sponge, Amphimedon queenslandica, has been completely sequenced to date.
The assembled genome was ~167 Mb and it encoded 30000 predicted protein-
coding loci which was assumed to be an overestimation. The analysis of the
genome revealed a considerable conservation of gene structure and genome
organization if compared to other animals. 63% of the predicted proteins had
identifiable homologues in other organisms (Srivastava et al., 2010). The
genomes of few other sponges (e.g. the homoscleromorph Oscarella carmela
and the hexactinellid Acanthascus dawsoni) are presently being sequenced and
the results are expected to be published soon (www.genomesonline.org,
accessed 18.03.2014).

Recent analyses of transcriptomes of several sponges from all four classes
show that several metazoan genes, involved in complex processes common to
higher animals, are present in all sponge classes. Since the sponges do not have
conventional structures, behaviour or mechanisms of development, it was
hypothesised that the genes acquired their known functions later in evolution
and may have different functions in sponges. It is also possible that sponges
have lost the corresponding structures. Alternatively, the genes may perform
similar functions in sponges and in higher animals, but those are difficult to
recognize in sponges (Riesgo et al., 2014).

3.1.2. Bioactive substances and novel enzymatic activities

Marine sponges often produce organic compounds which are not directly
involved in their normal growth, development or reproduction processes. These
substances are termed secondary metabolites. Because of the sessile nature of
the sponges, the production of these bioactive compounds has been interpreted
as a mechanism by which sponges counter various environmental stress factors
such as predation, overgrowth by fouling organisms, or competition for limited
space (Grasela et al., 2012).

Sponges are one of the richest sources of bioactive molecules. The
pharmaceutical interest in sponges started in the 1950s with the discovery of the
nucleosides spongothymidine and spongouridine, which were the basis for the
synthesis of anticancer drug ara-C and antiviral drug ara-A (Laport et al., 2009).
Approximately 300 new natural compounds are discovered from sponges every
year (Blunt et al., 2012; Blunt et al., 2013; Blunt et al., 2014). The chemical
diversity of sponge substances is remarkable — in addition to the unusual
nucleosides, other classes of compounds such as terpenes, sterols, cyclic
peptides, alkaloids, fatty acids, peroxides and amino acid derivatives have been
described (Laport et al., 2009; Abbas et al., 2011; Blunt et al., 2014). Those
bioactive substances have shown anticancer, antibacterial, antifungal, antiviral,
antiprotozoal and anti-inflammatory properties (reviewed in Laport et al.,
2009).

In addition to natural substances, previously undescribed enzymatic
activities have been identified in sponges. One example is the ATP N-
glycosidase activity characterized in the marine sponge Axinella polypoides,
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that converts adenosine-5'-triphosphate into adenine and ribose-5-triphosphate
(Reintamm et al., 2003a). Another novel enzymatic activity, the recently
discovered endo-2',5'-ribonuclease from Tethya aurantium specifically catalyses
the degradation of 2',5'-phosphodiester linkages in a metal-ion-independent
manner (Lopp et al., 2012). The enzymes responsible for these novel activities
or the synthesis of the bioactive secondary metabolites mostly remain
unidentified.

Sponges form close associations with a wide variety of microorganisms,
which are generally referred to as symbionts, irrespective of the actual
beneficial relationship to either partner. Microbes may comprise up to 40% of
the sponge tissue volume. Sponge-associated microbial communities are highly
diverse; they comprise bacteria, archaea and eukaryotes (dinoflagellates,
diatoms, microalgae, fungi) (reviewed in Taylor et al., 2007; Webster and
Taylor, 2012). Many of these microorganisms are specific to the sponge host
(Webster et al., 2010). Interestingly, in several cases the isolated bioactive
compounds are suspected to be produced by the sponge-associated
microorganisms rather than sponges (Taylor et al., 2007). Often the exact
microorganisms responsible for the synthesis of these substances are unknown.
However, sometimes the candidate genes for the respective enzymes can be
identified by sequencing the total metagenomes of the sponges (Hentschel et al.,
2012). For example, this method has been used to identify the bacterial genes
important for the production of the antitumor polyketides onnamide A isolated
from sponge Theonella swinhoei (Piel et al., 2004) and psymberin from
Psammocinia aft. bulbosa (Fisch et al., 2009).

Despite the high potential of sponge-derived bioactive substances in
pharmacological and biomaterial applications, only a few marine natural
compounds have been successfully developed into products. The major
obstacles are the insufficient supply of biological material and the excessive
structural complexity of the bioactive substances in order to synthesise them
chemically. Therefore, many research efforts are directed to the establishment
of the sponge cell or tissue cultures and to the development of methods for
culturing sponge symbionts, many of which are at present unculturable
(reviewed in Schippers et al., 2012).

3.2. OAS in sponges

A surprisingly high concentration of biologically active 2',5'-oligoadenylates
was found in the marine sponge Geodia cydonium. The 2-5A synthesising
activity from the sponge extract was close to that of the interferon-stimulated
mouse fibroblast 1.929 cells, which was considered to be one of the richest
sources of OAS activity (Kuusksalu et al., 1995). The product profile of the
sponge OAS activity resembled that of the mammalian OASs as it was shown
to produce oligomers up to octamer (Kuusksalu et al., 1998). In contrast to
mammalian OASs which are active only in the presence of dsRNA, the crude
extract of G. cydonium exhibited 2-5A synthesising activity without the
addition of dsRNA. Furthermore, the nuclease treatments, performed to free the
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sponge extract from any nucleic acids that could act as potential activators, had
no effect on the oligoadenylate synthesis catalysed by the OAS in G. cydonium
extract (Lopp et al., 2002).

In addition to G. cydonium, the presence of the OAS activity without the
addition of any dsRNA has been demonstrated in the crude extracts of various
other species of Demospongiae (Kelve et al., 2003; Reintamm et al., 2003b;
Saby et al., 2009a; Lopp et al., 2010). However, the 2-5A synthesising capacity
varied greatly between different sponge species, in the range of four orders of
magnitude. In addition, the product profile of OASs from different sponge
species was quite different. Most of the studied sponges were able to catalyse
only the synthesis of short 2-5A oligomers (up to tetramers), whereas the
extract of Chondrosia reniformis was able to synthesise 2-5A oligomers up to
17-mer, the main products being hexamer and heptamer. The variability in 2-5A
synthesising capacity and in the product profiles may refer to the occurrence of
a variety of OAS isozymes, which may be associated with the evolution and
diversification of OAS genes in sponges (Reintamm et al., 2003b).

cDNAs encoding OAS proteins have been cloned from several marine
sponges — G. cydonium, Geodia barretti, Suberites domuncula and Haliclona
panicea — and a freshwater sponge Lubomirskia baicalensis (Wiens et al., 1999;
Grebenjuk et al.,, 2002; Miiller and Miiller, 2003; Schroder et al., 2008;
Vallmann et al., 2011). The sponge OASs share little sequence similarity with
each other and even less with vertebrate OASs (Fig. 11). For example, the OAS
from G. cydonium shares 18% and 39% of identical and similar amino acid
residues, respectively, with the enzymatically active OASla from mouse and
17% and 37%, respectively, if compared to chicken OAS-B (Wiens et al.,
1999). In comparison, this sponge OAS is 28% identical and 48% similar to the
amino acid sequence of OAS from another marine sponge S. domuncula
(Grebenjuk et al., 2002). OASs from two sponge species, both belonging to the
same genus Geodia, G. cydonium and G. barretti, are considerably more
similar, they share a 75% identity and a 85% similarity between their amino
acid sequences (Vallmann et al., 2011). Despite the low overall conservation in
amino acid sequences between OASs from different animals, the motifs
characteristic to vertebrate OASs (P-loop, three catalytic Asp residues,
signatures 1 and 2) are also conserved in sponge proteins (Fig. 11; Wiens et al.,
1999; Grebenjuk et al., 2002; Schroder et al., 2008).

The functions of OAS proteins in sponges remain unclear at present. The
modulation of OAS activity in marine sponges has been correlated with the
presence of environmental stressors. Compared with the control, a significant
increase in 2-5A oligomer content and 2-5A synthesising activity was found in
the tissue of marine sponge G. cydonium following heat shock, cold shock and
exposure to an environment with decreased pH or increased ionic strength.
However, the exposure to a hypotonic or alkaline pH environment did not
change the OAS activity if compared to the control sample (Schrdder et al.,
1997).

The OAS in marine sponges has been implicated in immune response,
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including the defence against microorganisms (Grebenjuk et al., 2002; Miiller
and Miiller, 2003; Schroder et al., 2008). The samples from sponges, kept in the
aquarium for 6 months, had decreased OAS activities if compared to the
sponges collected from the sea, where the bacterial content is significantly
higher and more diverse. Furthermore, after the exposure of the sponge tissue or
primmorphs to lipopolysaccharide, a bacterial endotoxin, or after infecting with
bacteria, an increase in OAS activity and also in OAS expression was detected
(Grebenjuk et al., 2002; Miiller and Miiller, 2003). The exact pathways of this
response, involving OASs, are not identified in sponges. Several components of
the mammalian 2-5A system, including RNase L have not been found, either.
However, the activity of one of the key enzymes of this system, 2'-
phosphodiesterase, has been reported in marine sponges (Saby et al., 2009b). In
sponges, the regulation of 2'5'-oligoadenylate degradation may also be
performed by another enzyme, which has not been described in other
organisms. A novel endoribonuclease activity that specifically catalysed the
degradation of 2',5'-linkages, was found to be present in several marine sponges
(Lopp et al., 2012).
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Figure 11. Alignment of amino acid sequences of different sponge and human OAS
proteins. Residues conserved (similar with respect to their physico-chemical properties)
in all sequences are shown in white on black and those conserved in at least three
sequences are shown in white on gray. Reprinted from Schrdder et al., 2008, Copyright
(2008), with permission from Elsevier.

It has been demonstrated that the OASs from marine sponges have broader
substrate specifity than that known for vertebrate enzymes (Lopp et al., 2010).
With the crude extracts of the marine sponges Thenea muricata and Chondrilla
nucula a variety of 2',5'-linked heterooligomers was obtained in vitro wherein
all four ribonucleotides could serve as either acceptor or donor substrates for
oligomerization. The remarkable difference if compared to vertebrate OASs is
the ability of sponge OASs to use pyrimidine nucleotides as acceptor
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molecules. However, the substrate specifity of an OAS differed among the
sponge species. ATP was the preferred acceptor for OAS from 7. muricata,
while in the case of C. nucula, GTP was comparable with ATP as an acceptor
molecule. In addition to the ability to synthesise the 2'5'-linked
hetereooligomers in vitro, they were also found to occur naturally in the sponge
extracts which has never been demonstrated in mammalian cells (Lopp et al.,
2010).

Crude extracts of some sponge species from genus Tedania are capable of
producing also 3',5'-linked oligoadenylates from ATP. In the activity assays the
products with 3',5'-phosphodiester linkages, as well as with mixed 3',5'- and
2',5'-linkages were detected in addition to 2',5'-linked oligoadenylates (Lopp et
al., 2004; Lopp et al., 2012).

More investigation is needed to establish the role for OASs in sponges as
well as in other animals, where all of the components of the interferon-induced
antiviral 2-5A system, described in mammals, are not present.
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AIM OF THE STUDY

The aim of this study was to characterize 2',5'-oligoadenylate synthetases from
marine sponges and other phylogenetically distant animals in order to elucidate
the origin and evolution of OASs. To this end, the following objectives were
set:

* To optimize the expression and purification procedures in order to
produce recombinant OASs for further experiments.

* To verify the enzymatic activity of several bioinformatically predicted
OASs from different multicellular animals and a closely related
unicellular organism in order to find out the distribution of active OASs
on the phylogenetic tree.

* To describe the enzymatic characteristics of recombinantly expressed
OASs from different animals in order to compare them with the
properties of the well-characterized mammalian OASs.

* To determine the gene structure of sponge OASs in order to ascertain
whether it corresponds to that of mammalian OASs.
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MATERIALS AND METHODS

The following methods were used during this study:
* RNA and DNA extraction (Publications II and III)
* RT-PCR and PCR (Publications II and III)
* cDNA cloning (Publication III)
* recombinant protein expression (Publications I and III)
*  SDS-PAGE and Western blot analysis (Publications I and III)
* native PAGE (Publication I)
* IMAC (Publications I and III)
*  GST affinity chromatography (Publication III)
*  SEC (Publications I and III)
*  OAS activity assay (Publications I and III)
* phosphatase and nuclease treatments (Publications I and III)
* RP-HPLC (Publications I and III)
*  MALDI-TOF MS analysis (Publications I and III)
* mutational analysis

Detailed descriptions of materials and methods are provided in the publications
of this thesis. Some unpublished data are also presented. The materials and
procedures used are described below.

Mutations were introduced into the OASs from the marine sponge 7. ignis
(TigOAS) and the pig S. scrofa (SscOAS) as follows:

The I51A mutation was introduced into TigOAS using two complementary
mutagenic primers

TigOAS I51A F (5'-CAGGTGACTACGACGCTGACATTGTCATCTACT-3")
TigOAS I51A R (5-AGTAGATGACAATGTCAGCGTCGTAGTCACCTG-
3"), where the site of the mutation is underlined. First, two separate PCRs were
carried out using pET vector specific T7 promoter primer in combination with
the mutagenic TigOAS I51A R primer and the TigOAS IS51A F primer in
combination with the vector specific T7 terminator primer. The PCR was
carried out in a 50 pl final volume containing 1 ng TigOAS in pET24d plasmid
DNA as a template, 20 pmol each primer, 0.2 mM each dNTP, 1x Pfu buffer and
1.25 U Pfu DNA Polymerase (Fermentas) with an initial denaturation at 95 °C
for 3 min, followed by 35 cycles at 95 °C for 30 s, 52 °C for 30 s, 72 °C for 2
min, and a final extension step at 72 °C for 10 min. The PCR products were
excised from gel and purified using GeneJet™ Gel Extraction Kit (Fermentas).
Second PCR was performed in a 50 pl final volume containing 1 pl each both
purified DNA fragments, 20 pmol each T7 promoter primer and T7 terminator
primer, 0.2 mM each dNTP, 1x Pfu buffer and 1.25 U Pfu DNA Polymerase
(Fermentas). The thermal cycling was as follows: initial denaturation at 95 °C
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for 2 min, followed by 10 cycles at 95 °C for 30 s, 62 °C for 30 s, 72 °C for 2
min where the annealing temperature was decreased by 1 °C in each cycle,
followed by 25 cycles at 95 °C for 30 s, 52 °C for 30 s, 72 °C for 2 min, and a
final extension step at 72 °C for 10 min. The PCR product was precipitated with
isopropanol and its ends were cut with restriction enzymes Ncol and HindIIIL.
Then it was again excised from gel and purified using GeneJet™ Gel Extraction
Kit (Fermentas). The purified DNA fragment was ligated into pET24d vector
that had been restricted with the same enzymes and dephosphorylated.

The same method was used to introduce the A751 mutation into SscOAS using
mutagenic primers

SscOAS A751 F (5'-AGGGGCCGATCAGATATTGACCTCGTCGTCT-3")
SscOAS_A751 R (5-AGACGACGAGGTCAATATCTGATCGGCCCCT-3").
After precipitation, the ends of the PCR product were cut with Ncol and
BamHI. The DNA fragment was excised from gel and ligated into pET vector
that had been restricted with the same enzymes.

Both constructs were verified by sequencing.
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RESULTS AND DISCUSSION

The following results were obtained in this study:

Publication I:

The recombinant OAS from the marine sponge Geodia cydonium
(GecyOAS) could be produced as a soluble protein in the bacterial
expression system.

The recombinant GeyOAS bound to bacterial RNA with high affinity
and purified as a set of heterogenous RNA-protein complexes.

The recombinant GcyOAS-RNA complex was able to catalyse the
formation of 2',5'-linked oligoadenylates.

Compared to the 2-5A synthesising activites of the sponge crude
extracts, the activity of the sponge recombinant OAS preparation was
low.

The addition of the commonly used activator of mammalian OASs,
poly(I)-poly(C), caused only small modulations of the existing activity
of the recombinant GcyOAS protein preparation.

In addition to 2',5'-linked oligoadenylates, oligomers with 3',5'- and
mixed linkages were identified among the reaction products.

Publication II:

The exon/intron structure of sponge OAS genes was completely
different from that of mammalian OAS genes.

The OAS gene in G. cydonium had eight translated exons instead of the
five in the mammalian OAS unit.

The intron positions in sponge OAS genes differed from those in
mammalian OAS genes.

Introns in sponge OAS genes were considerably shorter than those in
mammalian OAS genes.

In the genome of G. cydonium, OAS was presented by at least two gene
versions that are tandemly organized.

Both OAS gene versions were transcribed in G. cydonium.

In the genome of the marine sponge Amphimedon queenslandica, three
0AS gene types, whose coding sequences differ at the same level as
those between different sponge species, were found bioinformatically.
In contrast to mammals, where OAS genes are clustered in a single
locus, the evolutionary events shaping the A. queenslandica OAS gene
family have resulted in the localization of OAS genes in different loci.

Publication III:

The OAS from another marine sponge, Tedania ignis, was cloned.

46



Based on the amino acid sequences, the OAS from 7. ignis (TigOAS)
shared a 29% identity and a 43% similarity with the OAS from G.
cydonium.

The exon/intron structure of the OAS gene from T ignis was similar to
that of the OAS genes of other marine sponges.

The recombinant TigOAS was enzymatically active, catalysing the
synthesis of 2',5'-oligoadenylates.

Similarly to the GcyOAS, also TigOAS was able to catalyse the
formation of oligonucleotides with 3',5'-linkages as well as with mixed
2',5'- and 3',5'-linkages.

The ratio of 2-5A oligomers to 3-5A oligomers synthesised by TigOAS
was even more in favor of the formation of 3-5A than in the case of
GeyOAS.

In contrast to GcyOAS which formed complexes with bacterial RNA,
TigOAS purified as a pure protein and required activation by dsRNA.
The putative OASs from the unicellular choanoflagellate Monosiga
brevocollis (MbrOAS) and from the salamander Ambystoma
mexicanum (AmeOAS) did not show 2',5'-oligoadenylate synthesising
activity in our assays.

The recombinant OASs from the cartilaginous fish Leucoraja erinacea
(LerOAS) and the mollusk Mytilus californianus (McaOAS) were able
to catalyse the formation of 2',5'-oligoadenylates in the presence of

poly(I)-poly(C).

Unpublished results:

At least two types of OAS genes with different genomic structures exist
in multicellular animals. Both types have spread across the
phylogenetic tree of animal evolution.

The ratios of 2-5A oligomers to 3-5A oligomers synthesised by the
ISIA mutant of TigOAS and the A751 mutant of porcine OAS
(SscOAS) were identical to those synthesised by the corresponding wt
enzymes.
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1. The structure of OASs from marine sponges

1.1. OAS proteins from marine sponges are diverse
(Publications IT and IIT)

The OAS activity in marine sponges was first detected in G. cydonium and later
the cDNA containing the signature motifs of known OAS proteins was cloned
from this sponge (Kuusksalu et al., 1995; Wiens et al., 1999). By now, the wide
occurrence of OASs in sponges has been demonstrated both by showing the
presence of 2-5A synthesising activity in their crude extracts and by cloning the
corresponding cDNAs. Additionally, in some sponge species the presence of
OAS:s is predicted on the basis of the available sequencing data (Grebenjuk et
al., 2002; Reintamm et al., 2003b; Schroder et al., 2008; Vallmann et al., 2011;
Publications II and III).

The comparison of the amino acid sequences of sponge OASs to those of
mammalian OAS proteins reveals their low sequence similarity (Wiens et al.,
1999; Grebenjuk et al., 2002). For example, the OAS from marine sponge 7.
ignis shares 17% identity and 26% similarity with the human OAS1 p42
isoform and 19% identity and 29% similarity with the mouse Oasla. The OAS
proteins from different sponge species share almost as little sequence similarity
among one another as with OASs from mammals. The inter-species comparison
of sponge OAS protein sequences shows that they are only about 20-40%
identical to one another and their similarity is between 30-55% (Publication II,
Table 4).

This similarity is evidently due to the few conserved regions and amino acid
residues essential for the enzymatic activity and dsRNA binding. The protein
regions between those conserved signatures are higly variable (Publication II,
Fig. 7). The variability in these regions may be restricted only by the ability of
the respective amino acid chains to form the necessary secondary structure
elements in order to contribute to the correct folding of the entire protein
molecule. The conserved regions are implicated in substrate binding and
catalysis and thus the possibilities for the respective amino acids to be replaced
by those with different side chains are limited.

At least two OAS1 gene versions are present in the genome of G. cydonium.
The encoded proteins are very similar, their amino acid sequence identity is
about 90% (Publication II, Fig. 1, Table 2). The same is true for the proteins
encoded by the three known OAS gene versions in S. domuncula (Grebenjuk et
al., 2002; Miiller and Miiller, 2003). However, the analysis of the A.
queenslandica genome revealed the presence of three main types of OAS1 with
several variants (Publication II, Table 3). The coding sequences of the three
types, AmpOAS1A, AmpOASIB and AmpOASIC, differed from one another
at the same level as those of OAS proteins from different sponge species. It is
not yet clear whether the multitude of OAS genes and the presence of different
types of OASs is a unique feature of this particular sponge or whether it is
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common among sponges. It is possible that the similar number and variability
of OASs is to be found in other sponge species, as well.

As in mammals, the OAS genes in sponges have duplicated and diverged.
The low similarity between sponge OAS proteins is probably due to their
independent evolution after the divergence from their common ancestor. The
reason for the prevalence of gene duplication events over the loss of gene
duplicates is presently unknown. Some of the sponge OAS genes may have
been transformed into pseudogenes. At least two OAS pseudogene variants
have been identified in G. barretti (Vallmann et al., 2011). Alternatively, the
products of the gene duplicates may have acquired somewhat specific roles
instead of being functionally redundant.

1.2. Sponge OASs have a distinct genomic structure
(Publications II, III and unpublished)

To elucidate the common origin of the sponge and vertebrate OASs, the
genomic structures of the OAS genes from G. cydonium and T. ignis were
experimentally determined. Surprisingly, the exon/intron structure of sponge
OASs was completely different if compared to the structure of vertebrate OAS
genes. The OAS gene from G. cydonium had eight translated exons instead of
the five present in the mammalian OAS unit. Furthermore, all intron positions
relative to the conserved amino acid motifs were completely different
(Publication II, Fig. 1-3). However, a similarity was observed in the order of the
intron phases — all four introns in respective phases are shifted upstream in the
sponge OAS gene in comparison with the human gene.

The exon/intron structure of the OAS gene from 7. ignis was similar to that
from G. cydonium with the exception that the first intron was missing
(Publication III, Fig. 1). The three types of OAS genes found in the sequenced
genome of A. queenslandica shared an exon/intron structure close to those in G.
cydonium and T. ignis (Publication II, Fig. 5). No OAS with a vertebrate-like
gene structure was identified in the genome of A. queenslandica.

The true orthologous genes in sponges and higher animals have highly
conserved genomic structures including the positions and phases of introns.
However, introns in sponge genes are significantly shorter if compared to those
in mammalian genes (Miiller et al., 2002; Srivastava et al., 2010). Short introns
were also characteristic of the sponge OAS genes although the overall genomic
structure was different from that of the mammalian OAS genes (Publication I,
Fig. 1).

Also, the arrangement of the OAS genes in 4. queenslandica genome was
different from that in mammalian genomes where the OAS genes are clustered
in a single locus (Mashimo et al., 2008). In A. queenslandica 2 types of OAS
loci (one containing OAS1A and the other OASIB and OASI1C) could be
identified (Publication II, Fig. 6). The two loci were separated by at least 5
other genes. This is in contrast with the observation that the 4. queenslandica
gene structures and genome organization in general show marked conservation
relative to other animals (Srivastava et al., 2010).
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Figure 12. Alignment of OAS protein sequences from different animals. Hsa — Homo
sapiens (phylum Chordata), Lgi — Lottia gigantea (Mollusca), Bfl — Branchiostoma
floridae (Chordata), Sko — Saccoglossus kowalevskii (Hemichordata), Pmi — Patiria
miniata (Echinodermata), Nve — Nematostella vectensis (Cnidaria), Adi — Acropora
digitifera (Cnidaria), Cte — Capitella teleta (Annelida), Gey — Geodia cydonium
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MIMN-GIETVAD---——--— LKKKLPDIQEQVSACLRNP---—-——-— PP--AWKIE-DLWNSR
VFLN-NVKTMKE---——--— HQRKLQDTKDDLESCLKQS----—-— PY--RKVIT-IKQQTK
VESKEELPKA-—---— G-—--HVMMPSVMKAVEALIRDCNK=G-————-— QIPECT-DFTTSK
VFSPEDLPKS----- G-—--ONM@MOPLLHACRNFLETASAN-GE-TFAPFAKCV-DFHVTP
VYSTEEISAYDVLRAES-HFQPWLRRIYHFLANN----LKG--F-K----FEAL-KNRSLQ
IYSRESVDPQELARNG---PRRWLKIFAEHLEER----NPG--K-L----WD----KEYLP
LYSE-DLPKN----- G---HARLPSITAALASLLKDAQKMLTK-AEKPLPKLT-LIATTQ
LYSE-DIPKT--—-—— G-—-QPRQLPSIITALAQLIRDAPKILTR-SEKHLPPIT-MVSTTP

RALSFVLSSLQ-LGEGVE VLPAFDALIGQLTGGYKPNPQIYVKLIEECTDLQKEGEFST
YLGQYKLKHIA-TNTFVE ILPALDVVALIRGS—VE———GVIEE—MRYK—PQIVRGHYSV
YAVKLRVQSLKPDHKPHDVRLLLTSDLLGPTPS-NHSKIKDVYEM-MATM---NFYGYARE
AVQFDVTTKADGKTNTMSVERLLPTFDALGQHSS-OFDORYRAYNEAMTYI-GSDKVNYYSV
FRVQFTIVVGN---LPLK LLPTAS——SPPGV—EG———PIVFET—MLTQ—SSWDREFYSV
FAVQFKFKMKHWLHGEVE LLPTFQ——ADVES—YEIGRRKLYSQ—MHREKGKDILKYYSA
FAVRFCLD----LSREFET LLPTFS——TDQSLIE————ELYKE——MIGC—TPEDRKYYSA
FSVGFTC-—--—---

VALQFTC-—-——--—

FIYHHTSS
HAFRENFE
YSVQFTV---————
YSVQFTCG
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Hsa CFTELQRDFLKQRPTK-Lia SpMBNEVINH Y ON=CKKK-L--GKLPPQYALELLTVYAWER-GS
Lgi CFCKEQLRLIRAKPAK- N (YWKN=SNSLP-———--—— IRSYCCEVVCLYVHDKFLG
Bfll NCSAALVAFVKKQPAE- VM K=SSCVR-———— EPSLTSYPLELLCIHTWPS-CG
Sko ALGQLQVDEFVRGQPTR- RKEVMLKKANRDFMYPTSYPMELITIYTWQON-AG
Pmi SFVKSQVDFVKNHPGC- 3 WYVYTELP--—-——-— EELQKSYPLELITIFRWQR-AG
Nve AACKLORDFIKELPSN- SKIWRKNYQLG———————— LSSYFMELVVVHEWQK-AK
Adi HEFVGLQVEFVKGQLPI- (YWRKTCIED--TSGTRLPSSYPLELITIHCWEE-AG
Bfl2 AAARRQRQFILDQEED=VRD MHWRNGVDRA---DKSRRPSSYLLSLLVVKAYQNAQV
Cte ASAKLQKKFVHDQPSE- ROCIOQWK---KASFRPNSYLLELLVIKAVEEIRH
Gey CASRWQREFMSRQPPIH \(KWRD-DTRYPEGKGCEGRPSSYLISLLVIKAYNIARS
Tig SASKWQVDFFKDQPNQH RN-KKA---GQAGKPKSYLLSVIVLRAYERAKG
Mle AACEKESDFIRKQPIK-I SHWRNGI LK ---DQFHRPSSLLLSLLVIGAHEDLVK
Pba ANCEKESDFIRKQPIK-I NHRNGI LYK ---DOQFHRPSSLLLSLLVVGAHESLVK

Sign.1
Hsa MKTHFNTA----— QG—=—====—————————— FRTVLELVI-----——-- NYQOLC--IYfT-
Lgi QQTNFNMK-——-~ EG-—=—=—===————————— FNRVLRFLI-----——-~ ETQTLH--TVID-
Bfl1l T-———- VA----- GA———=—————————— - FKAVLEKLS------—-- DHKRIC--AYQT-
Sko KQASFDMA-——-- EA-——--—————mmmm oo FKAVLMRLM----———=- NYSSLD--TARY-
Pmi RPVSFDKA--—-- VG-=m————mmmm o LKSVLMGLL---—=-==-= NIRGLR--TYRK-
Nve KPERFDTK-——-- KG———=———————————— FKAIMEALY----———-- NYEELY--AMgD-
Adi KPESFDIR----- AG-——-————mmm - FKAVLQQLV------—-- EYCGIN--VR@Y-
Bf12 IKGVNIRPPPIDEEGFFMREEPDPVVPENPLEFPTMAETLSAFITLVKDLDRAMTRELSEIN-
Cte EYDMKKVI---EKVG-=—=-===——==-==——————m— SYV-——-- LCPELS=ITRS-
Gey QR------ ISFAEG-——=====——————————————————— IIGLV--HRE-MLN=VH@GR
Tig KGDTY IAWNHTTAE---—————=——————————————————— VKTIV--HRHQSAD=IYWE-
Mle KGVSNLL---ITPE-----——-—-----———---SMLQRLTEMIQ--—-- RKHELR--LE@S-
Pba EGVSNLL---ITAE-----———-----———-——TLLORLTDMIQ-——-- RKHELR--LE[S-
Hsa ~  ——--——--—- KYYDFKNPIIEKYLRRQLTKPREGVILEEA DRI L.GG-GDPKGRROLAQEA
Lgi = mmmmmmmmm oo PMYYYNTRDW=-FSVFHETLOEAARTRQVAKQTVAALG* -~
Bfl1l ~  ———mm---—- DNYPFDR------- MLTMLRRHH > PIAN 'VADRC--RDJDAVARAA
Sko  —m———————= ENYNQALA--——- AQAKSKMTR-{g VFSLSNPPA--LEHMSE
Pmi = ——mmmmm-—- GQYYKEIA---RDVFRNLPQRG=|ZILLIEVINETNINVLKVYQEDDSKVEEMRR
Nve = —----————- KYYEKKDV--——-- PREIIQTHRIZLVLINEANETNNL.CEGI AQEKEDELEEAA
Adi  mmmmmm——e- INYDRDSH---KGRIKRMSKS= VCSASDPEGIKIVADVA
Bfl12 ———mmm--—- KFYEPPSF--——-- RIEHMTT- LiVVOBJaAl VAE-F-LGTASFHTET
Cte  —————-———- TFYNPGKY--——-- HVEFDPP- THLV VAE-S-LNYGEFRSEY
Gey RGKKKQDMKNRFYTPKQQ--—--- IKL-LPS- VIWVSG-IAGYKPGERAG
Tig = ———mm——— EYYRKQDY--——-- PSLFPQY-T|ZR IV AMESNNLHETG- I SGPSNTKAND
Mle —  ———mmm———- THYSESTR--——-- GMFPMKT-CJg N VAETG-LONJTQFPGEF
Pba ———————-—-— TFYNETTR--——-- GMFPMKK-CJg N [VAETG-LPNAQFPGEF
Hsa EAWLNYPCFKNWDGSPVSSWILLEAESNSADDETDDPRRYQKYGYIGTHEY PHFSHRPSTLQAAS . . .
Lgi oo
Bf11l RETLOKPFFRY V¥ —— == oo o o o
Sko LARDTMOKPLLRGVS INY PWNK* === = = — = = = = — = o oo oo
Pmi AVRTTLRSKSMKKVVIRRRKSWLKLKLTN* == === === == ——mmmm oo
Nve KMTLDSPFLQSTHVTPNWK* === = === == === = = =~ - oo o oo
Adi DMTRKRKPLADI TVTKNWK I % == === = = = = — — mmm o e
Bf12 MLWAQK LG * == = = = === — m m — o
Cte STWMKSLGIVLKSGS* === = == = == = —m = = = oo o o
Gey NYDGGDGNHKPLLDKIHTITEYFTFLSLK* == === ——— === == ——mmmm oo
Tig YGEGGGRWDNFVREVDSLDLTKSVDE TH* === === === —m oo oo oo
Mle TRWAHFIGVVKNRGTMVAKQEKLNQIVHRLSSAF * === === === === ———mm oo
Pba TRWAHFIGVVKTRGTMAAKQAKLNQTAARMSSGE * ———————————————————————————

(Porifera), Tig — Tedania ignis (Porifera), Mle — Mnemiopsis leidyi (Ctenophora), Pba —
Pleurobrachia bachei (Ctenophora). The alignment was created using ClustalX and
modified manually. The alignment is shaded on the basis of the position conservation.
Intron positions in the corresponding genes are indicated as follows: green — phase 0
introns, violet — phase 1 introns, orange — phase 2 introns. In the case of OASs from A.
digitifera and B. floridae, the beginning of the coding sequence remained undetermined.
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The homology of amino acid sequences of sponge OAS proteins is low.
Besides, minor variations exist between exon/intron structures of different OAS
genes. Despite that, the genomic structure common to sponge OASs could be
defined (Publication II, Fig. 7).

Previously, it had been suggested that the sponge OASs share a direct
common ancestor with the vertebrate OASs (Schroder et al., 2008). However,
the entirely different genomic structures of sponge and mammalian OASs are in
conflict with the idea of a hypothetical direct intron-containing common
ancestor for OASs. Though intron sliding has been described (Rogozin et al.,
2012), it is highly improbable that in vertebrate OAS genes all introns migrated
downstream if compared to sponge OAS genes. If intron gain and loss, the
major mechanism of intron evolution, had given rise to the differences between
human and sponge OAS genes, at least some of the intron positions should be
conserved. Furthermore, it would not explain the observed similarity in the
intron phase pattern.

To elucidate the evolution of the exon/intron pattern of the OAS genes, some
of the available genome sequencing data from various representative species
belonging to different animal phyla were analysed for the presence and
structure of OAS genes. The alignment of the putative and also some previously
known OAS sequences is presented on Fig. 12 (unpublished).

To date, the genomes of only two ctenophores, Mnemiopsis leidyi and
Pleurobrachia bachei, have been sequenced (Ryan et al., 2013; Moroz et al.,
2014). In the genome assembly of the sea walnut M. leidyi a putative OAS gene
with no introns was found (GenBank accession AGCP01019774, bases 10130-
11242). A similar intronless OAS gene was also present in the genome of P.
bachei (GenBank accession AVPNO01000435, bases 38556-39671). The
predicted genomic structure of the OAS genes in these two ctenophores was
supported by the presence of an EST sequence from another Pleurobrachia
species, P. pileus, in the NCBI database (accession FP997205) and the
transcriptome sequencing data from several other ctenophores (Moroz et al.,
2014).

The OAS gene from a cnidarian (Torralba et al., 2008; Kjaer et al., 2009),
sea anemone Nematostella vectensis, had 3 introns, which were in the same
positions and phases as the corresponding introns in mammalian OAS genes.
The genome of another representative of the phylum Cnidaria, the coral
Acropora digitifera, contained an OAS gene with a similar genomic structure
(GenBank accession BACK01020290, bases 1-3776). Putative OAS genes with
introns in the same positions relative to conserved amino acid motifs could also
be found in the genome assemblies of the bat star, Patiria miniata, a member of
the phylum Echinodermata and of an acorn worm, Saccoglossus kowalevskii,
from phylum Hemichordata (GenBank accessions AKZP01127852, bases 3331-
7202 and ACQMO01042178, bases 3815-7095, respectively).

Surprisingly, the exon/intron structure of the gene (GenBank accession
AMQNO01017518, bases 21712-22814) encoding the OAS protein in the annelid
worm Capitella teleta (Kjaer et al., 2009), bore a resemblance to the genomic
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structure of the OAS proteins from sponges. It contained 4 introns, the positions
and phases of which coincided with those of the respective introns in sponge
OAS gene sequences.

The gene (GenBank accession AMQO01003210, bases 49037-51279)
encoding the predicted OAS from the owl limpet, Lottia gigantea (Kjaer et al.,
2009), belonging to the phylum Mollusca, had an exon/intron structure similar
to that of mammalian OAS genes.

Interestingly, the genome of the Florida lancelet, Branchiostoma floridae,
contained at least two OAS genes (Kjaer et al., 2009) with different genomic
structures. One of them (GenBank accession ABEP02019184, bases 25671-
27886) had a genomic structure similar to that of mammalian OASs while the
other one (GenBank accession ABEP02010054, bases 25017-29871 and
further) resembled sponge OASs in this respect.

The phylogenetic tree of OAS protein sequences presented by Kjaer et al.
(Kjaer et al., 2009) proposed the division of metazoan OASs into two large
groups. One of them consists of OAS sequences from mammals and other
vertebrates as well as from evolutionarily lower animals from phylums Cnidaria
and Mollusca. The other group is mainly composed of OAS sequences from
sponges and annelids. Interestingly, genomes of animals from subphyla
Cephalochordata (B. floridae) and Tunicata (C. intestinalis) of phylum Chordata
contain at least two divergent OAS sequences, one of which grouped with
sponges and the other one with mammalian OASs (Kjaer et al., 2009). This
division which is based on the amino acid sequences also seems to be supported
by the exon/intron structure of the respective OAS genes (Fig. 12).

Analysed together, these data suggest that in animal evolution the early
radiation of OAS genes has occurred. The last common ancestor of metazoa
probably already had several different intron-containing OAS genes. Their
subsequent evolution has led to their deletions, duplications and/or
modifications while retaining the elements of the ancient exon/intron patterns.

2. The enzymatic activity of sponge OASs

2.1. The enzymatic activity of sponge OASs (Publications I and
I1I)

Though the cDNAs encoding putative OASs had been cloned from several
marine sponges (Wiens et al., 1999; Grebenjuk et al., 2002; Vallmann et al.,
2011), it had not been demonstrated before whether they encode enzymatically
active proteins or inactive OAS1 isoforms.

In this work, OASs from two marine sponges, G. cydonium and 7. ignis,
were produced as recombinant proteins in the bacterial expression system and
subjected to activity assays. Both of them were able to catalyse the synthesis of
2',5'-linked oligoadenylates from ATP, proving that they were indeed active
2'.5'-oligoadenylate synthetases.

In the reaction conditions used, the recombinant enzymes mainly catalysed
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the synthesis of 2-5A dimers and trimers, the longest oligomer observed was a
tetramer (Publication I, Fig. 8; Publication III, Fig. 4G-H). However, the 2-5A
dimer remained the main product even at a high ATP conversion. Furthermore,
the specific activity of the recombinant OASs was low if compared to the
activity observed in crude extracts of the sponges (Reintamm et al., 2003b). The
amount of ATP converted to the products was in the same range for the purified
recombinant protein and for the sponge crude extract.

The low activity of the recombinant proteins may be due to several reasons.
Most of the polypeptide produced in bacterial expression system may be
incorrectly folded and enzymatically inactive. In addition, the specific dsSRNA,
poly(I)-poly(C), was obviously not the proper activator of the studied sponge
OASs. The OAS from G. cydonium was already in complex with bacterial RNA
of heterogenous composition. Evidently, this RNA was not the proper activator
for this protein. Furthermore, the bound RNA pool could include components
that are inhibitory or activate the OASs poorly. It is also likely that the OASs
expressed here are not the ones responsible for the high 2-5A synthesising
activities observed in sponge extracts. Sponge genomes contain several
different OAS genes (see Results and Discussion, Section 1.1), the products of
which contribute to the total product pool catalysed by the oligoadenylate
synthesising activity of the specific sponge studied. It is possible that the high
enzymatic activity in sponge extracts is due to the presence of a multitude of
OAS proteins. Alternatively, the existence of (a) highly active OAS(s)
responsible for the synthesis of the majority of the 2-5A oligomers could be
speculated. Evidently, it would be different from the ones studied in this work.

2.2. Sponge OASs are differentially activated by RNA
(Publications I and II1)

All known vertebrate OASs are produced as latent enzymes and require
activation by their cofactor, dsSRNA. For studying the enzymatic activity of
OASs in in vitro assays, the synthetic dsSRNA, poly(I)-poly(C) is commonly
used, although it is not the native cofactor for these enzymes.

Surprisingly, the recombinant OAS from G. cydonium was able to catalyse
the formation of 2-5A oligomers from ATP per se and the addition of
poly(I)-poly(C) only modified the activity less than 2-fold (Publication I, Fig.
2). The UV-spectrum of the protein preparation was not characteristic of that of
the pure protein. Instead, it resembled the spectrum of nucleic acid indicating
that the recombinant protein preparation could be contaminated with nucleic
acids. The HPLC analysis revealed that the anomalous UV-spectrum for a
protein was caused by the presence of RNA (Publication I, Fig. 3). The RNA
evidently copurified from the bacterial lysate in complex with the protein.

Characterization of the preparation by using electrophoresis in a native
polyacrylamide gel and by size exclusion chromatography demonstrated that
the recombinant protein preparation consisted of a set of heterogenous
complexes of RNA and recombinant GeyOAS (Publication I, Fig. 4 and 95).
Analysis of the size exclusion chromatography fractions showed that the
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specific activity of the protein was related to the number of bound nucleotides
per protein monomer. The preparations with larger amounts of nucleotides per
protein molecule had higher specific activities (Publication I, Fig. 6).

Several approaches were launched in order to free the recombinant protein
preparation from the bound RNA of bacterial origin. Nuclease treatments were
performed during the purification of the recombinant GcyOAS from bacterial
lysate. However, the resulting protein preparation still contained RNA and was
capable of catalysing the synthesis of oligoadenylates without the addition of
any poly(I).poly(C) to the reaction mixture. Nuclease treatments performed
during activity assays only slightly modified the enzymatic activity of the
recombinant GcyOAS preparation (Publication I, Fig. 7). The low efficiency of
these treatments suggested that RNA in these complexes was not readily
accessible to the action of nucleases. On the other hand, when high doses of the
nuclease were added to the protein preparation, the rapid formation of a
precipitate was observed. The nuclease apparently degraded unprotected
regions of the RNA in the negatively charged GeyOAS-RNA complex and
caused its precipitation when the complex became electrically neutral. Thus, an
efficient nuclease treatment of the RNA-protein complex resulted in a certain
critical point in its precipitation, which was likely related to the pl of the
complex.

Alternatively, alkaline buffers were used in the protein purification
procedures in order to separate the protein from RNA. The obtained
recombinant GcyOAS preparation lost its OAS activity though it still contained
RNA. The loss of activity could be explained by the presence of some alkali-
labile minor component in the activating RNA that is essential for the activation
of GeyOAS.

The experiments suggest that the RNA derived from E. coli was bound to the
recombinant GcyOAS with a high affinity, being partially protected from
RNase degradation in these complexes.

The recombinant OAS from 7. ignis did not bind nucleic acid during its
expression in E. coli cells and was purified as a pure protein. Like mammalian
OASs, it needed activation by poly(I)-poly(C) for its enzymatic activity
(Publication III, Fig. 3C). However, the amount of poly(I)-poly(C) needed for
the activation was rather high (at least 1 mg/ml) if compared to the
requirements of the non-sponge OASs studied (Publication III, Fig. 3). A high
concentration of the poly(I)-poly(C) required may refer to the poor suitability of
this synthetic RNA for the activation TigOAS. For comparison, the necessary
amount of dsRNA to achieve a half-maximum activity of different mammalian
OAS forms (OAS1, OAS2 and OAS3) varies greatly, ranging from less than 1
pg/ml to more than 500 pg/ml poly(I)-poly(C) (Justesen et al., 2000).

The sponge OASs evidently have low affinity to poly(I)-poly(C), indicated
by the inability of this synthetic dSRNA to compete with the bacterial RNA
bound to GeyOAS and by the poor activation of TigOAS. It is likely that the
RNA recognition by the sponge OASs differs from that exhibited by vertebrate
OAS:s.
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The crystal structure of the human OAS1 in complex with dsRNA reveals
that the OAS interacts with two adjacent minor grooves of the activating
dsRNA. The amino acid residues making contact with the RNA are
predominantly located in the N-terminal part of the protein — in the helices aN2
and oN3, strand Bl and in the helix aN4 that is formed during the
conformational change upon dsRNA binding (Donovan et al.,, 2013). The
residues in human OAS1 shown to make contact with dsRNA are not all
conserved in sponge OASs. The region corresponding to aN2 and oN3 in
human OASI is highly variable in length, as well as in amino acid sequence
among sponge proteins. However, based on the secondary structure predictions,
in OASs from T ignis and G. cydonium this region most likely consists of
structural elements with helical conformation similarly to that in mammalian
OAS proteins  (http://bioinf.cs.ucl.ac.uk/psipred/, accessed 08.04.2014;
Hartmann et al., 2003; Donovan et al., 2013).

The sponge OAS may need the RNA with specific primary and secondary
structure elements for its activation. Poly(I)-poly(C) as a synthetic dSSRNA may
meet these requirements only partially. Various viral and cellular RNA
molecules containing double-stranded regions have been shown to activate
mammalian OASs (see Section 2.2.2). It has been demonstrated that the OASs
are able to bind DNA or single-stranded RNA, as well. However, these
molecules were not able to activate the enzyme (Marié et al., 1990a). Still, some
ssRNA aptamers with only a few double-stranded regions were potent
activators for OASs (Hartmann et al., 1998a). In experiments with GcyOAS, in
addition to commonly used poly(I)-poly(C), the effect of double-stranded
poly(A)-poly(U) as well as some homopolymeric ssRNAs on the activity of the
recombinant protein was tested. No significant increase in the OAS activity was
observed, indicating that the tested polynucleotides, like poly(I)-poly(C), were
not able to compete with the bound RNA of bacterial origin (Publication I, Fig.
2).

The sponge crude extracts exhibit OAS activity without the addition of any
nucleic acid activator (Reintamm et al., 2003b). Furthermore, it has been
demonstrated that the OAS activity exhibited by crude extracts of G. cydonium
was not abolished by nuclease treatments (Lopp et al., 2002). This may refer to
the existence of a strong endogenous nucleic acid-protein complex in the crude
extracts of G. cydonium. It could also be the case in other sponges where the
OAS activity is present. Thus it can be hypothesised, that though the activation
mechanism of sponge OASs may be similar to that of vertebrate ones, the
affinities and structural requirements for the RNA component are probably
quite different.

2.3. Sponge OASs catalyse the formation of both 2'5'- and
3',5'-linkages (Publications I, III and unpublished)

Surprisingly, in addition to the oligoadenylates with 2',5'-linkages, products
with 3'.5'-phosphodiester and mixed linkages were detected among the reaction
products synthesised by the OASs from G. cydonium and T. ignis. The synthesis
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of oligoadenylates containing 3',5'-linkages has not been described in enzymatic
assays with mammalian OASs. Due to the high sensitivity of the detection
method used in this work, the presence of oligoadenylates with 3',5'-linkages
was also detected among the reaction products synthesised by the porcine OAS
(SscOAS). However, the SscOAS was able to catalyse the synthesis of 3',5'-
linkages at a very low level — the yield of 2-5A was about three orders of
magnitude higher than that of 3-5A. The ratios of 2-5A oligomers to 3-5A
oligomers in the reactions catalysed by the GecyOAS-RNA complex and by the
poly(I)-poly(C)-activated TigOAS were 5.4 and 2.4, respectively (Publication I,
Fig. 8, Publication III, Fig. 4G-H).

The 2'- and 3'-specificities of different OASs probably depend on the
structures of their active sites. The distinct assembly and structure of the active
sites and consequently the choice of linkage to be catalysed is presumably
influenced by the dissimilar amino acid context surrounding the active site
residues. Based on the crystal structures of enzymes from the nucleotidyl
transferase family, the 2'- and 3'-specificities are believed to be determined
through an orientation of the acceptor nucleotide so that the respective hydroxyl
of the ribose would be in a favourable position to react (Hartmann et al., 2003).
It is possible, that in sponge OASs the active site is more flexible than that in 2'-
specific mammalian OASs and thus it is able to accommodate the nucleotide in
both orientations.

From the amino acid sequence alignments of mammalian OAS active sites it
is evident that, apart from a small number of exceptions, all enzymatically
active 2'-specific mammalian OASs contain an alanine residue between the two
conserved aspartate residues (Rogozin et al., 2003; Donovan et al., 2013). In
sponge OAS sequences, however, isoleucine, leucine or valine residue can be
found in this position (Justesen et al., 2000; Rogozin et al., 2003; Schroder et
al., 2008; Publication II, Fig. 7, Publication III, Fig. 1). A similar selection of
amino acid residues appears in the active sites of different 3'-specific rNTs, such
as PAPs, PUPs and CCAtrs (Kuchta et al., 2009). None of these enzymes seems
to have alanine residue in this position.

Based on this observation and the ability of sponge OASs to catalyse the
synthesis of the 3',5'-linkages, it was hypothesised that this residue between the
two Mg?**-coordinating aspartates may have a role in determining the substrate
orientation and therefore the linkage to be catalysed. From the crystal structures
of porcine and human OAS proteins (Hartmann et al., 2003; Donovan et al.,
2013) it is seen that the side chain of this residue is pointed to the opposite side
of the B-strand and not towards the active site, where it could directly influence
the position of the aspartate residues or interact with the nucleotide coordinating
residues. However, we considered it possible that the side chain of this residue
may still have an effect on the B-strand structure and thus on the active site if
the relatively small side chain of alanine is changed to somewhat larger side
chains of valine, isoleucine or leucine.

To test this hypothesis, we mutated the alanine residue in the active site of
the 2'-specific porcine OAS to isoleucine generating the SscOAS A751 mutant.
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Similarly, the corresponding isoleucine was mutated to alanine (TigOAS I51A
mutant) in the OAS from 7 ignis that catalysed the synthesis of 2',5'- as well as
3'5'-linkages. Both mutant enzymes, as well as their wild type counterparts
were expressed as histidine-tagged proteins in the bacterial system and purified
via binding to Ni-NTA agarose. The activity assays revealed that in the case of
both mutants the specificities of the mutant enzymes were the same as those of
the corresponding wild type enzymes. The ratios of 2-5A oligomers to 3-5A
oligomers synthesised by the I51 A mutant of TigOAS and the A75] mutant of
SscOAS were identical to those synthesised by the wild type TigOAS and
SscOAS, respectively (our unpublished data).

Evidently, changing this single amino acid residue was not sufficient to
modify the active site structure enough to allow the enzyme, evolved to catalyse
only the 2',5'-linkages, to become more flexible and to be able to catalyse the
formation of 3',5'-linkages, as well. Similarly, the enzyme synthesising both
linkages could not be made specific to only one linkage by this small
modification. It is likely that the structure and flexibility of the active sites of
OASs is determined by several (other) amino acid residues surrounding the
highly conserved motifs. Recently, an enzyme closely related to OASs, the
cGAS, was reprogrammed to catalyze the formation of 3',5'-phosphodiester
linkage instead of the 2',5'-linkage it usually synthesises as the first step in the
production of cGAMP. It was shown that in the human cGAS a recessed side
chain (T211) at the bottom of the active site pocket and an extended side chain
(R376) at the top of the pocket induce the orientation of the substrate
nucleotides that favours the formation of the 2',5'-linkage between them. When
the recessed and extended side chains were exchanged, the enzyme catalysed
the formation of 3',5'-linked cGAMP (Kranzusch et al., 2014).

In the case of OASs, the 2'- and 3'- specificities may also be determined by
the activating RNA species since the RNA participates in the assembly of the
active site (Donovan et al., 2013). The results of the present study indicate that
the poly(I)-poly(C) directs the sponge OAS to form an active site which favours
the catalysis of 2',5'-linkage over 3',5'-linkage. The ratio of 2-5A to 3-5A was
slightly shifted in favour of 2-5A oligomers when the poly(I)-poly(C) was
added to the activity assays with the GcyOAS-RNA complex. It is possible that
the bacterial RNA bound to recombinant GcyOAS contains components that
direct the enzyme to synthesise 2',5'-linkages, as well as components that
induce the catalysis of 3',5'-linkages. In the cell extracts of 7. ignis mostly the
synthesis of 3',5'-linked oligoadenylates is detected (Lopp et al., 2012). It could
be hypothesised that the recombinant TigOAS would behave as a 3-5A
synthetase in the presence of a suitable activator. The poly(l)-poly(C) used to
activate the recombinant protein may guide the active site to take the
conformation that prefers the catalysis of 2'5'-linkages. Explaining the
structural determinants of the RNA for favouring the synthesis of one or the
other linkage would be most interesting. However, the synthesis of both
linkages in the presence of a single activator suggests that the active sites of
sponge OASs are, in any case, rather flexible.
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The sponge genomes encode different types of OAS proteins with several
variants which potentially differ in their catalytic properties. It is reasonable to
assume that the activities seen in the crude extract of a sponge, are
combinations of activities exhibited by the different OASs present. For the
respective sponge species, G. cydonium or T. ignis, the cloned OAS protein
could be one of several OASs with different activation and enzymatic
characteristics.

Based on their amino acid sequences, as well as the genomic structures of
the respective genes, the OAS proteins can be divided into two groups (Kjaer et
al., 2009; Fig. 12). Considering the different specificities of the studied
examples from both groups (the 2'-specifity of the mammalian OASs and the
ability of sponge OASs to catalyse the formation of 3',5'-linkages, as well) it is
interesting to speculate whether the putative OASs from annelids and tunicates,
grouped together with sponge OASs on the basis of their genomic structures,
may catalyse the formation of both linkages like sponge enzymes do.

Mammalian OASs have been shown to be able to use different NTPs as
donor substrates in vitro. However, the addition of a nucleoside triphosphate
other than ATP terminates the chain elongation (Justesen et al., 1980; Marié et
al., 1997). Surprisingly, this was not the case for sponge OASs. It has been
shown that the OASs present in sponge crude extracts were able to polymerize
different nucleotides, surprisingly even CTP and UTP, into 2',5'-phospodiester
linked oligonucleotides. The ability to use different nucleotides as substrates
and the assortment of products synthesised was dependant on the sponge
species (Lopp et al., 2010). Since other substrates besides ATP were not tested
in this work, the capability of the studied recombinant OASs to accept different
nucleotides as substrates remains unknown. Still, it is clear that the active site
structure of sponge OASs differs from that of mammalian enzymes.
Determining the three-dimensional structure of a sponge OAS in complex with
the activating RNA and a substrate analog would be of great interest and a
valuable tool for elucidating the nature of the activation mechanism and
specificity of sponge OASs. Moreover, it would offer additional guidelines for
engineering novel enzymes with specific properties.

3. Enzymatically active OASs are widely distributed
among Metazoa (Publication III)

Rapid increase in the number of animals whose genomes have been sequenced
and growing databases of EST and transcriptome sequences have provided
valuable tools for determining the presence of OAS genes in the genomes of
different multicellular animals throughout the evolutionary tree. Therefore, it is
now believed that the OAS proteins are widely distributed among Metazoa.
However, losses of OAS genes have occurred in some branches, e.g. in teleost
fish (Kjaer et al., 2009).

Herein, in addition to the sponge OASs, some bioinformatically predicted
OASs from several other distantly related multicellular animals, as well as their
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unicellular relative were examined. The OASs from the salamander A.
mexicanum and the little skate L. erinacea were chosen to represent the
evolutionary branches of vertebrates where the OAS activity had not been
detected before. The OAS from the mollusk M. californianus was of great
interest since no OAS activity had been previously demonstrated in the whole
Protostomia branch. Furthermore, several protostome lineages have probably
lost OAS genes thus making it even more interesting to show OAS activity in
this branch of evolution. Since the OAS activity had been previously believed
to be related only to Metazoa, the prediction of a putative OAS gene in the
genome of the unicellular choanoflagellate M. brevicollis (Kjaer et al., 2009)
was unexpected. Therefore it was particularly interesting to test the enzymatic
activity of the choanoflagellate OAS. All proteins were expressed in the
bacterial expression system and subsequently the oligoadenylate activity assays
were performed to test their capability to synthesise oligoadenylates from ATP.
The OASs from the little skate, L. erinacea, and the mollusk, M. californianus,
proved to be active oligoadenylate synthetases (Publication III, Fig. 4). Two of
the tested proteins, OASs from the salamander A. mexicanum and from the
choanoflagellate M. brevicollis did not exhibit oligoadenylate synthesising
activity in our assays. Possible reasons for this were discussed in Publication
II1. Thus, based on the current data, it is not possible to confirm or dismiss the
hypothesis that the OAS activity may be a property restricted only to Metazoa.

The demonstration of the enzymatically active OAS from M. californianus
was the first case reported for the whole animal clade Protostomia. It is
increasingly clear that the active OASs are indeed present in many animal phyla
throughout the evolutionary tree and no evolutionary gap exists between
vertebrate and sponge OASs (Fig. 13). This is further confirmed by the 2',5'-
oligoadenylate synthesizing activity exhibited by the corals Alcyonium acaule
and Gersemia fruticosa, representatives of the phylum Cnidaria (A. Lopp,
unpublished data).

The other studied OAS with enzymatic activity, that from L. erinacea, was
the evolutionarily oldest vertebrate species for which OAS activity has been
shown so far. The particular OAS contains the ubiquitin-like repeats in its C-
terminus (Kjaer et al., 2009) and is therefore considered to be an OAS-like
protein (OASL). Originally the OASL proteins were believed not to be able to
produce 2-5A oligomers (Rebouillat et al., 1998; Hartmann et al., 1998b).
However, the cDNAs encoding OASL proteins with 2-5A synthesising activity
have been cloned before (Yamamoto et al., 1998; Eskildsen et al., 2003).

Both OASs, those from M. californianus and L. erinacea, resembled
mammalian OASs in respect to their activation requirements and enzymatic
activity. They were expressed as inactive proteins and needed activation by
dsRNA. Moreover, the required amount of poly(I)-poly(C) was significantly
lower if compared to the amount poly(I)-poly(C) needed for the activation of
sponge OASs (Publication III, Fig. 3). Also in resemblance to mammalian OAS,
the enzymes from the mollusk and the little skate catalysed only the formation
of 2',5'-oligoadenylates; no products with 3',5'-linkages were detected among
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the reaction products (Publication III, Fig. 4).

The genomes of L. erinacea or M. californianus are not sequenced yet and
thus the exon/intron structure of their OAS genes in unknown. However, the
OAS gene in the genome of another member of class Chondrichthyes, the
elephant shark, C. milii, has an exon/intron structure similar to that of
mammalian OAS genes. Therefore it is reasonable to assume that the OAS gene
in L. erinacea may also have the mammalian type exon/intron organization. The
same is true for the OAS gene from M. californianus, since the respective genes
in the genome of the owl limpet, L. gigantea, and of the Mediterranean mussel
Mytilus galloprovincialis, have the genomic structure homologous with that of
mammalian OAS genes, as well (Fig. 12 and data not shown).
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Figure 13. A schematic phylogenetic tree of selected animal phyla showing the
distribution of OAS genes with sponge-like (green dot) and vertebrate-like (blue dot)
genomic structures, as well as intronless OAS genes (orange dot). The predicted OAS
gene from choanoflagellate M. brevicollis (marked with yellow dot) has an exon/intron
structure different from both, sponge and vertebrate, OAS gene structures. The animal
phyla, where the OAS activity has been shown, are indicated with red borders.

To conclude, the current data show that the OASs are proteins of ancient origin
that have been preserved in the majority of modern animal lineages. At least
two different types of OASs with distinct genomic structures and possibly
distinct enzymatic characteristics have arisen early in the animal evolution.
Both the sponge type OASs and the mammalian type OASs have spread across
the evolutionary tree of animals, being present in deuterostome, as well as in the
protostome branch (Fig. 13). However, it appears that the choice to preserve
either one or the other type has been made at the phylum level. The exception is
the phylum Chordata, some members of which contain the sponge type OASs in
their genomes in addition to the mammalian type OASs. Most animals
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belonging to this phylum have only the mammalian type OASs. Still, more data
are needed to make certain conclusions, since only few representatives from
each lineage could be analysed in this respect. Both types of OASs have
acquired different characteristics during evolution. The mammalian type OASs
appear to be highly 2'-specific while the sponge type OASs may be more
linkage-tolerant. The activation properties also differ between the two types of
OAS proteins. However, OAS proteins with sponge type genomic structures
from other phyla (e.g. Annelida) should be examined to substantiate this
hypothesis. Since the sponge OAS proteins are more flexible in their catalytic
properties, it may be hypothesised that these enzymes represent the link
between the 3'-specific nucleotidyl transferases and the 2'-specific OASs.
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CONCLUSIONS

Based on the results obtained in this study, the following conclusions can be

drawn:

Enzymatically active 2'5'-oligoadenylate synthetases are widely
distributed among Metazoa, including the protostome lineage, where
the OAS activity had not been shown earlier.

Sponge 2',5'-oligoadenylate synthetase genes do not share a direct
intron-containing ancestor with mammalian OAS genes.

At least two subgroups (the sponge type and the mammalian type) of
2'.5'-oligoadenylate synthetases exist, both of which are represented in
the deuterostome as well as in the protostome branch of animal
evolution.

Sponge 2',5'-oligoadenylate synthetases are diverse proteins; their
primary structures as well as enzymatic properties vary between OASs
from different sponge species.

The requirements for the activation of sponge 2'.5'-oligoadenylate
synthetase proteins are different from those of mammalian enzymes.
Sponge 2',5'-oligoadenylate synthetases are more linkage-tolerant than
the highly 2'-specific mammalian OASs; this could be related to the
dissimilar structure of their active sites. The dsRNA could have a role
in determining the 2'- and 3'-specificities in the case of sponge OASs as
well.
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2’,5-oligoadenylate (2-5A) synthetases are known as components of the
interferon-induced cellular defence mechanism in mammals. The existence
of 2-5A synthetases in the evolutionarily lowest multicellular animals, the
marine sponges, has been demonstrated and the respective candidate genes
from Geodia cydonium and Suberites domuncula have been identified. In the
present study, the putative 2-5A synthetase cDNA from G. cydonium was
expressed in an Escherichia coli expression system to characterize the enzy-
matic activity of the recombinant polypeptide. Our studies reveal that,
unlike the porcine recombinant 2-5A synthetase, the sponge recombinant
protein associates strongly with RNA from E. coli, forming a heterogene-
ous set of complexes. No complete dissociation of the complex occurs dur-
ing purification of the recombinant protein and the RNA constituent is
partially protected from RNase degradation. We demonstrate that the
sponge recombinant 2-5A synthetase in complex with E. coli RNA catalyzes
the synthesis of 2’,5"-phosphodiester-linked 5’-triphosphorylated oligoade-
nylates from ATP, although with a low specific activity. Poly(I)-poly(C), an
efficient artificial activator of the mammalian 2-5A synthetases, has only a
minimal effect (an approximate two-fold increase) on the sponge recombi-
nant 2-5A synthetase/bacterial RNA complex activity.

The 2’,5"-oligoadenylate synthetases (2-5A synthetases;
OAS; EC 2.7.7-) were discovered as a part of the
interferon antiviral pathway in mammals [1,2]. In
higher animals (vertebrates), when activated by
dsRNA, 2-5A synthetases catalyze the polymerization
of ATP into unusual 2’,5-linked oligoadenylates, with
the general structure pppA(2'p5’A), where n 21,
commonly abbreviated as 2-5A. 2-5A binds to and
activates a latent endoribonuclease, RNase L [3].
Activated RNase L catalyzes the degradation of viral
and cellular RNAs, including ribosomal RNA, sup-
pressing protein synthesis and viral growth. Some evi-
dence suggests that 2-5A synthetases are also involved

Abbreviations

in other cellular processes, such as regulation of cell
growth, differentiation, tumorigenesis and apoptosis
[4-6].

There are three different size classes of 2-5A
synthetases: the small (OAS1), medium (OAS2) and
large (OAS3) isoforms, consisting of one, two or three
conserved OAS units, respectively [7-12]. Within the
classes of 2-SA synthetases, alternative splicing produ-
ces multiple isozymes with different C-terminal regions
[8]. The 2-5A synthetase family also contains a fourth
member, oligoadenylate synthetase-like protein, which
is made up of a single OAS unit and two C-terminal
ubiquitin-like repeats [13—15].

2-BA, 2’',5-oligoadenylate; Ni-NTA, nickel-nitrilotriacetic acid; OAS, 2’,5"-oligoadenylate synthetases; SEC, size exclusion chromatography.
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It is known that all vertebrate 2-5A synthetases are
expressed as latent proteins and require dsRNA for
their activation [16]. However, different from many
other dsRNA-binding proteins, 2-5A synthetases are
among the few proteins that bind dsRNA without hav-
ing a dsRNA binding motif [17,18]. As has emerged
from studies of the crystal structure of porcine 2-5A
synthetase, a distinct positively charged groove on the
surface embracing N- and C-terminal domains of the
protein mediates dsSRNA binding [19].

The 2-SA synthetases, which belong to the DNA
polymerase B-like nucleotidyl transferase superfamily,
are classified into the same group with CCA-adding
enzymes, eukaryotic poly(A) polymerase and TRF4/5
polymerases [20]. The mammalian 2-5A synthetases
are highly conserved proteins that share little sequence
similarity with nucleotidyl transferases of other famil-
ies; however, the catalytic domain features of 2-5A
synthetases and other polymerases (e.g. DNA poly-
merase ) are conserved [19,21]. The total fold of a
mammalian 2-5A synthetase, porcine OASI, shows
the highest structural similarity with 3’-specific
poly(A) polymerase [19]. On the basis of a detailed
sequence signature analysis, Rogozin et al. [22] pro-
posed that the 2-5A synthetase family has evolved
from the more ancient poly(A) polymerase or TRF4/5
families.

In addition to mammals and birds, the 2-5A synthesis
has also been found in reptilian tissues but not in
amphibians and fish [23]. We have demonstrated the
presence of a high 2-5A synthesizing activity in the
extracts of a number of marine sponges, the simplest
multicellular animals [24,25], and identified the reaction
products as authentic 2’,5-linked oligoadenylates [26].
To date, cDNAs encoding the putative oligoadenylate
synthetase have been cloned from two sponges: one
from Geodia cydonium and two from Suberites domuncu-
la [27,28]. By contrast to the high sequence similarity
among vertebrate 2-5A synthetase proteins, the
S. domuncula and G. cydonium enzymes share 28%
identity and 48% similarity with each other [28]. More-
over, the amino acid sequence deduced from the
G. cydonium cDNA shares only 18% identity and 39%
similarity with the mouse 2-5A synthetase [27]. Despite
the low sequence similarity, the motifs known to be
essential for the 2-5A synthesizing activity [21] are pre-
sent in the sponge polypeptides [27,28]. Interestingly,
although this enzyme has been found in sponges, in the
oldest extant metazoan phylum, it is absent (evidently
through gene loss) in some branches of the evolutionary
tree of life. Sequence comparison data have not revealed
the 2-5A synthetase gene either in insect (Drosphila
melanogaster), nematode (Caenorhabditis elegans), yeast

Recombinant 2-5A synthetase from G. cydonium

(Saccharomyces cerevisiae), plant (Arabidopsis thaliana)
or fish (Danio rerio, Fugu rubripes) [8,11,27,28].

With regard to the role of 2-5A synthetase in spon-
ges, the participation of this enzyme in responses to
environmental stressors and to bacterial infection has
been suggested [28-30]. Whether the 2-5A synthetase
in the lowest multicellular animals, similar to the
higher Metazoa, is involved in host-defence reactions
against viruses remains unknown. To date, the 2-5A
synthetase as a single component of the whole mam-
malian 2-5A/RNase L system has been identified.
Considering the long evolutionary distance between
sponges and vertebrate lineages, the elucidation of the
function of the 2-5A synthetase in these invertebrates,
particularly in the innate immune system, would be of
considerable interest.

Before the present study was started, only vertebrate
2-5A synthetases had been expressed in heterologous
systems for use in detailed studies of the structural and
functional properties of the enzyme. In the present
study, the putative 2-5A synthetase cDNA from the
marine sponge G. cydonium (EMBL accession number
Y 18497) was expressed in a bacterial expression system
and the histidine-tagged recombinant protein was puri-
fied by affinity chromatography. As previous data have
indicated differences in the activation features between
the sponge and mammalian enzymes [19,31], the
enzyme of invertebrate origin needs to be properly char-
acterized by means of a recombinant protein technique.

Results

Expression and purification of His-tagged
proteins

N- and C-terminally hexahistidine tagged constructs of
the 2-5A synthetase ¢cDNA from G. cydonium were
expressed in a bacterial expression system and the
recombinant proteins were purified by affinity chroma-
tography on a nickel-nitrilotriacetic acid (Ni-NTA)
column. Two different sponge cDNA constructs were
chosen for studies investigating whether modification
of either the N- or C-terminus of the protein could
affect the properties of the enzyme. For comparison, a
mammalian recombinant enzyme, C-terminally hexa-
histidine tagged porcine 2-5A synthetase, was produced
under the same conditions.

The sponge and porcine recombinant proteins were
expressed as soluble proteins and bound well to the
affinity beads. However, the expression level of the
C-terminally tagged sponge 2-5A synthetase was much
lower than that of the N-terminally tagged protein.
The highest expression level was observed in the case
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Fig. 1. SDS/PAGE (A) and western blot analysis (B) of the affinity
purified C-terminally and N-terminally His-tagged recombinant 2-5A
synthetase from G. cydonium (lanes 1 and 2, respectively) and
C-terminally His-tagged recombinant porcine 2-5A synthetase (lane
3). The amount of the protein loaded to the gel was 1 pg. (A) Gel
was stained with Coomassie Blue. (B) Proteins were detected with
anti-His serum as described in Experimental procedures.

of the porcine 2-5A synthetase (data not shown).
Figure 1 demonstrates the results of the purification of
the recombinant proteins. The occurrence of dominant
bands of the recombinant proteins provides evidence
of a high degree of purification obtained by affinity
chromatography. Additionally, some fainter bands of
higher and lower molecular weight could be seen in
the preparations (Fig. 1A). Bands of higher molecular
weight, which were also recognized by anti-His serum
(Fig. 1B), may correspond to the aggregates of the
recombinant proteins. A faint band of a lower molecu-
lar weight (approximately 30 kDa) was visible in the
sponge (but not in the porcine) recombinant protein
preparations (Fig. 1A). This band was not recognized
by monoclonal anti-His serum even under the condi-
tions of the overloaded recombinant protein (Fig. 1B,
lanes 1 and 2). Most probably it represents an impur-
ity present in the sponge recombinant 2-5A synthetase
preparations.

RNA binding of the sponge recombinant 2-5A
synthetase

All known vertebrate 2-5SA synthetases are known to
be activated by their cofactor, dsSRNA. Therefore, we
performed activity assays of the purified enzyme
preparations by adding poly(I);poly(C), the synthetic
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dsRNA, usually used in in vitro assays of the enzymat-
ic activity of 2-5A synthetases. As expected, the por-
cine recombinant protein was practically inactive
[specific activity of 0.05 nmol ATP polymerized-(ng
proteinh)™'] in the absence of poly(I)-poly(C), but its
specific activity was increased more than 1000-fold
in the presence of the activator (Fig. 2A). Another
dsRNA, poly(A)poly(U), was also capable of activa-
ting the porcine enzyme, but to a lesser extent than
poly(I)-poly(C) (Fig. 2A).

Surprisingly, the recombinant 2-5A synthetase prep-
arations from G. cydonium were able to catalyze the
formation of 2-5A oligomers from ATP per se and the
addition of poly(I)poly(C) only managed to double
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Fig. 2. The effect of various potential activators on the 2-5A syn-
thesizing activity of the recombinant porcine 2-5A synthetase (A)
and N-terminally His-tagged recombinant 2-5A synthetase from
G. cydonium (B) during 1 h of incubation in the presence of
100 pg'mL™" of the indicated substance. The activity units are
expressed as nmol ATP polymerized-(ug proteinh)™". Error bars indi-
cate the highest and lowest values of the activity from three inde-
pendent experiments.
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the enzymatic activity (Fig. 2B). No difference was
found between N- and C-terminally tagged proteins in
that respect. The poly(I))poly(C) concentration of
0.1 mgmL™" used in the present study for activation
proved to be the most effective one in the studied
range of the concentrations (0.001-1 mg:mL™"). The
other potential activators, various single-stranded or
dsRNAs and DNAs and the only known non-nucleic
acid activator of 2-5A synthetases, fructose 1,6-diphos-
phate [32], also caused small modulations of the
existing activity of the sponge recombinant protein
(Fig. 2B).

The ability of the sponge protein preparation to cat-
alyze the formation of oligoadenylates per se referred
to the possibility that the preparation could be con-
taminated with nucleic acids. Indeed, the UV-spectrum
of the recombinant 2-5A synthetase from G. cydonium,
enriched on the Ni-NTA column and dialyzed there-
after, had a maximum at 260 nm. By contrast, the
UV-spectrum of the analogously purified porcine
recombinant 2-5A synthetase corresponded to that of
a pure protein.

HPLC analysis of a sponge recombinant protein pre-
paration showed that it contained small amounts of
four different 2’,3’-cyclic ribonucleotides. The incu-
bation of the preparation at room temperature for
longer periods increased the quantities of the cyclic
nucleotides (Fig. 3). The relative molar amounts of
2',3’-cCMP, 2',3’-cUMP, 2’,3’-cGMP and 2’,3"-cAMP
were 1.2:1.0:1.6: 1.1, respectively. Also, the total
alkaline hydrolysis of the preparation gave similar
ratios for the four nucleotides (data not shown). These
products could arise from RNA degradation by trace
amounts of a nonspecific endoribonuclease of E. coli,
RNase I [33] which, possibly via binding to RNA,
could be copurified with the recombinant protein.

Thus, RNA, obviously copurified in complex with
the protein, was present in the sponge recombinant
protein preparations.

Recombinant 2-5A synthetase from G. cydonium

Based on the amino acid sequence, the calculated
pl of the recombinant 2-5A synthetase from G. cydo-
nium is 9.6 [27]. Therefore, the protein should be pos-
itively charged at neutral pH. However, the analysis
of the protein preparation in basic (pH 8.8, for acidic
proteins) as well as in acidic (pH 4.5, for basic pro-
teins) native gels showed that the protein was negat-
ively charged and migrated only in basic gel where
several distinct bands could be observed (Fig. 4A,
lanes 4 and 5). The distinct bands in the gel seen in
lanes 4 and 5 could correspond to different com-
plexes of nucleic acid and protein because they were
stained with ethidium bromide (Fig. 4B) and recog-
nized by anti-His serum (data not shown). The only
exception was the fast moving band in the gel
(Fig. 4, fraction X), which was neither stained with
ethidium bromide nor recognized by anti-His serum;
this band likely represents the same 30 kDa impurity
which had been detected by SDS/PAGE analysis
(Fig. 1A). The porcine recombinant protein (the cal-
culated pl is 9.05) behaved in a predicted manner,
not migrating towards anode in the basic gel
(Fig. 4A, lane 6).

For further characterization of the sponge recombin-
ant 2-5A synthetase complex with RNA, size exclusion
chromatography (SEC) was performed. As shown in
Fig. 5, the absorbance registered at 260 nm was con-
stantly higher than at 280 nm, demonstrating the elu-
tion of the RNA component in a wide range of
molecular masses. The recombinant protein eluted as a
broad peak starting from the column void volume
(Fig. 5, inset). This suggests that the protein eluted as
a set of heterogeneous complexes containing RNA
and evidently more than one polypeptide molecule. A
protein of lower molecular weight (approximately
30 kDa) that eluted in later fractions (Fig. 5, frac-
tions 18-20) obviously corresponded to a minor
component, which had copurified together with the
recombinant protein (Fig. 1A).
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Fig. 4. The basic native polyacrylamide gels stained with Coomas-
sie Blue (A) and EtBr (B). 1, catalase (5 pg); 2, BSA (5 pg); 3, pepsin
(5 pg); 4, C-terminally His-tagged recombinant 2-5A synthetase
from G. cydonium (13 pg); 5, N-terminally His-tagged recombinant
2-5A synthetase from G. cydonium (9 pg); 6, porcine recombinant
2-5A synthetase (20 pg).

Figure 6 depicts the calculated specific activities of
the recombinant protein of the SEC fractions plotted
against the number of nucleotides per protein molecule
from the corresponding fractions. Although the accu-
racy of determining the absolute values of these
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parameters may be low, the data show an increasing
trend in the specific activity depending on the number
of nucleotides per protein molecule.

In order to obtain an RNA-free recombinant pro-
tein, the enzyme capable of hydrolyzing single-stranded
and double-stranded nucleic acids, Benzonase® nuclease
(Novagen, Merck KGaA, Darmstadt, Germany), was
used. Figure 7 demonstrates the results of the nuclease
treatment, which was carried out during the 2-5A
activity assays. As can be seen, the added amount
of the nuclease effectively inactivated the porcine
2-5A  synthetase [by degrading poly(I)poly(C)]
(Fig. 7A), but it had only a modest effect on the 2-5A
synthesizing activity of the recombinant protein from
G. cydonium (Fig. 7B).

The nuclease was also added at different steps of the
sponge protein purification: during cell lysis and pro-
tein binding as well as during the column washing
steps. A less viscous lysate was observed in the pres-
ence of the nuclease. Inspection of UV-spectra of the
nuclease-treated and untreated preparations revealed
that both of them were contaminated with nucleic
acids. Calculation of RNA content showed that the
nuclease treatment reduced the number of nucleotides
per protein molecule from 34 to 23. Thus, the nuclease
treatment at this step was of low efficiency. Evidently,

fraction number
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Fig. 5. Fractionation of the C terminally His tagged recombinant 2 5A synthetase preparation by size exclusion chromatography. The collec-
ted fractions are shown. The following proteins or substances were used for the calibration of the column: 1, BSA (66.4 kDa); 2, albumin
from chicken egg (45.0 kDa); 3, cytochrome ¢ (12.5 kDa); 4, tryptophan (0.2 kDa). *Dimer. Inset: SDS/PAGE analysis of fractions collected

during SEC of the recombinant protein preparation.
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Fig. 6. The relationship between the number of nucleotides per
protein monomer and the specific activity of the protein. OJ, frac-
tions collected during size exclusion chromatography (fraction num-
bers correspond to those in Fig. 5); O, different recombinant
protein preparations; A, different recombinant protein preparations,
where the number of nucleotides was increased by adding
0.1 mg-mL™" poly(l)-poly(C); ®, recombinant protein preparation,
where the number of nucleotides was decreased by nuclease treat-
ment. The number of nucleotides per protein monomer was esti-
mated as described in Experimental procedures.

the conditions of the purification were not optimal for
the nuclease (high NaCl and phosphate concentrations
and the absence of Mg ™).

Another nuclease treatment was carried out after
purification and dialysis of the recombinant protein
(i.e. under conditions optimal for the nuclease diges-
tion). The results showed that the addition of the
nuclease caused the precipitation of the material in a
concentration-dependent manner. Formation of the
precipitate in the solution containing the highest
amount of the nuclease (0.5 U-.uL™') was visible
already after 5 min. Attempts to solubilize the formed
pellet by decreasing the pH of the medium, or by add-
ing poly(I);poly(C), poly(A)poly(U), ATP, NaCl or
combinations of them, were not successful. Finally, the
pellet was dissolved in alkaline conditions (pH 10.4),
but the UV-spectrum indicated the presence of nucleic
acids. The precipitated material was estimated to con-
tain approximately ten nucleotides per polypeptide
molecule and it was still enzymatically active (Fig. 6).

In an alternative approach, we tried to modify the
purification conditions of the recombinant protein by
means of changing pH of the lysis, wash and elution
buffers. Finally, protein purification was carried out
under conditions in which cell lysis and binding to
affinity beads was performed at pH 8.0, but the wash
and elution buffers were both alkaline (pH 10.5). In

Recombinant 2-5A synthetase from G. cydonium
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Fig. 7. The effect of the Benzonase nuclease and/or poly(l)-poly(C)
on the 2-5A synthesizing activity of the recombinant porcine 2-5A
synthetase (A) and N-terminally His-tagged recombinant 2-5A syn-
thetase from G. cydonium (B). The products formed from ATP dur-
ing a 5h synthesis in the presence or absence of Benzonase
nuclease and/or poly(l)-poly(C) were dephosphorylated and ana-
lyzed by the HPLC method. The activity units are expressed as
nmol ATP polymerized:(ug protein)™". Error bars indicate the highest
and lowest values of the activity from three independent experi-
ments.

that case, the protein remained soluble and eluted
from the affinity column. At this pH value, RNA—pro-
tein ionic complexes should dissociate; nevertheless,
the UV-spectrum of the resulting protein preparation
revealed that nucleic acids (28 nucleotides per protein
molecule) were still present. However, in this case, the
2-5A synthesizing activity of the protein was negligible
[specific activity of 0.008 nmol ATP-(ug protein-h)™']
and the addition of poly(I)-poly(C) did not increase it.
In summary, the sponge 2-5A synthetase expressed
in E. coli bound some bacterial RNA with high affin-
ity, forming complexes that were partially protected
against nuclease degradation of the bound RNA.

Enzymatic characterization of the sponge
recombinant protein preparation purified
by Ni-NTA chromatography

Searching for optimal conditions for the activity of the
affinity purified recombinant enzyme preparation, we
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found that they were similar to the conditions of 2-5A
activity assays often used for the proteins of this
family [34,35]. The increase in specific activity was
achieved by rather high ATP (5 mMm) and MgCl,
(25 mm) and low salt concentrations (no salt added).
In the chosen reaction conditions (see Experimental
procedures), the enzyme-RNA complex catalyzed the
formation of 2-5A oligomers with the specific activity
of approximately 1-10 nmol ATP polymerized-(png pro-
tein‘h)™!. Variations in the specific activity depended
upon the obtained protein batch irrespective of the
His-tag localization in the molecule; the specific activ-
ity was likely related to the nucleotide content of the
preparation (Fig. 6).

The products of the sponge 2-5A synthetase-cata-
lyzed ATP oligomerization assay are presented in
Fig. 8. The oligomerization yielded in 2-5A dimer,
2-5A trimer and 2-5A tetramer but, even at high con-
version percentages of ATP, the dinucleotide was the
main product. Interestingly, in addition to typical 2-5A
products, oligomers containing 3’,5-internucleotide
bond (the dimer and minute amounts of the trimer)
were identified among reaction products. Also, the
products with mixed linkages (i.e. 2’,5'- and 3",5"-linked
trimers) were detected (Fig. 8). All these oligomers were
verified by their HPLC retention times, alkaline hydro-
lysis, RNase T, treatment and MALDI-MS analysis.

The ability to catalyze both 2°,5"- and 3",5"-linked
products was also characteristic of the recombinant
protein—-RNA complexes separated by electrophoresis
in native gel (Fig. 4, fractions I-VI) and by size exclu-
sion chromatography (Fig. 5, fractions 7-17).

The products with 3’,5-linkage have not been des-
cribed before in enzymatic assays of mammalian 2-5A
synthetases. We were able to detect 3’,5-oligoadeny-
lates (considering the retention time of faint HPLC sig-
nals) also in the assays of poly(I)-poly(C) activated
porcine recombinant 2-5A synthetase, but the lower
limit of the calculated 2-5A/3-5A product ratio was
approximately 2000. With regard to the sponge 2-5A
synthetase, this ratio was 5.4 = 0.5 (n = 16) for differ-
ent recombinant protein batches. The addition of
poly(I))poly(C) to those preparations increased the
ratio of 2-5A oligomers to 3-5A oligomers only slightly
in favour of 2-5A products. Thus, the sponge recom-
binant 2-5A synthetase in complex with E. coli RNA
oligomerized ATP with an apparent loss of isomeric
purity of the products.

Discussion
His-tagged recombinant proteins of vertebrate 2-5A

synthetases produced in E. coli and purified by affinity
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Fig. 8. The product profile of the C-terminally His-tagged recombin-
ant 2-5A synthetase from G. cydonium. HPLC chromatograms of
products, formed from ATP during a 6 h synthesis, in their phos-
phorylated (A) or dephosphorylated (‘core’) (B) forms. In brackets,
m/z obtained from MALDI-MS analysis are shown. 1, ATP;
2, paA2’p5’A; 3, pzA2'p5’A2'pS’A; 4, ps;A2'p5’A2'p5’A2'psA
(m/z 1493.5); 5, psA2'p5’A3'pS’A; 6, psA3'pS’A; 7, psA3'ps’A2’p5’A;
8, p3A3’p5’A3’p5’A; 9, adenosine; 10, mixture of A2’p5’A and
A2'p5’A2’p5’A2'p5’A; 11, mixture of A2’'p5’A2’p5’A and A3'p5’A2’-
p5’A (m/z924.6); 12, A2'p5’A3'p5’A (m/z924.7); 13, putative
A2'p5’A2’p5’A3'p5’A (m/z1253.9); 14, mixture of A3'p5’A and
A3’p5’A3'p5’A (m/z595.4 and 925.4, respectively).

chromatography have been successfully used in the
studies of the respective proteins [34,35]. Applying this
approach for the production of the first recombinant
protein of invertebrate origin, the 2-5A synthetase
from the sponge G. cydonium, quite unexpected results
were obtained. By contrast to analogously produced
porcine recombinant 2-5A synthetase, the UV-spec-
trum of the affinity purified preparation indicated that
it was contaminated with nucleic acids. Further, HPLC
analysis revealed that the anomalous for a protein
UV-spectrum was caused by RNA, which was evi-
dently copurified from the bacterial lysate in complex
with the protein. However, such a preparation was
able to catalyze oligomerization of ATP into
2’,5-linked products per se and the added dsRNA was
unable to improve the activation parameters substan-
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tially. These results highlight two significant features:
first, the ‘putative’ 2-5A synthetase ¢cDNA from
G. cydonium codes for a protein that has oligoadeny-
late synthetase activity, thus being the ‘true’ 2-5A
synthetase, and, second, the recombinant protein spon-
taneously forms enzymatically active complexes with
heterologous RNA.

Characterization of the preparation by native gel
analysis and by size exclusion chromatography dem-
onstrated that the recombinant protein preparation
consisted of a set of heterogeneous complexes of
RNA and the protein, which did not dissociate under
particular separation conditions. Analysis of the size
exclusion chromatography fractions showed that the
specific activity of the protein was related to the
number of bound nucleotides per protein monomer.
Generally, the preparations with larger amounts of
nucleotides per protein molecule had higher specific
activities.

In order to free the recombinant protein prepar-
ation from the bound RNA of bacterial origin, nucle-
ase treatments were undertaken under a variety of
conditions. The low efficacy of these treatments sug-
gested that RNA in these complexes was not readily
accessible to the action of nucleases. On the other
hand, the addition of high doses of the nuclease
quickly resulted in the protein precipitation. Such a
treatment evidently degraded unprotected regions of
the RNA in the negatively charged protein—-RNA
complex and caused its precipitation when the com-
plex became electrically neutral. Thus, an efficient
nuclease treatment of the RNA-protein complex
resulted in a certain critical point in its precipitation,
which was likely related to pl of the complex.

In an alternative approach we tried to obtain an
RNA-free protein by using alkaline buffers (pH > 10)
in purification procedures. This experiment provided
further evidence for the formation of a tight protein—
nucleic acid complex, although this complex had lost
its 2-5A synthesizing activity. One of the explanations
might be that the activation of the recombinant pro-
tein could be achieved by RNA containing some
alkali-labile minor component (such as dihydrouridine
or N7-methylguanosine).

Thus, the obtained results suggest that the RNA
derived from E. coli was bound to the recombinant
protein with a high affinity, being partially protected
from RNase degradation in these complexes. Besides,
our earlier study showed that the 2-5A synthetase
activity exhibited by crude extracts of G. cydonium
depended neither on the addition of exogenous
dsRNA, nor on nuclease treatments [31]. Considering
the results of the present study, the existence of a
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strong endogenous nucleic acid—protein complex in the
sponge crude extracts can be presumed.

2-5A synthetases, unlike other nucleotidyl trans-
ferases, catalyze 2'-5, not 3’-5’, phosphodiester bond
formation between substrates bound to the acceptor
and donor sites. The 2’- and 3’-specificities of the
enzymes of nucleotidyl transferase superfamily are
believed to be achieved through an orientation of
the acceptor nucleotide molecule so that the ribose
2’- or 3’-hydroxyl would be in a favourable position
to react [19]. Surprisingly, our results demonstrated a
low regioselectivity exhibited by the sponge recom-
binant protein preparation because we identified
3’,5-linked adenylates as minor reaction products.
Although the reason for this phenomenon is unclear,
we can speculate that the particular features of dif-
ferent RNA—protein complexes could be involved in
determining the unusual product profile of the pre-
paration.

The specific activity of the recombinant protein was
rather low, being in the same range as that of a sponge
tissue extract per pg of total protein [25]. There are
several interpretations for the low activity of the
recombinant protein produced in bacteria. The tightly
bound bacterial RNA was obviously not a proper acti-
vator for the recombinant protein. It is also possible
that, despite its ability to bind RNA, most of the poly-
peptide produced in E. coli was in enzymatically inac-
tive conformation. Besides, the bound RNA was of
heterogeneous composition and could include inhibi-
tory or poorly activating components.

The RNA binding site for 2’,5-oligoadenylate syn-
thetases is poorly defined. These enzymes are thought
to interact with RNA in a sequence unspecific man-
ner. In addition to dsRNA, the 2-5A synthetases are
able to bind to DNA and ssRNA as well, but those
polynucleotides have not been shown to activate the
enzyme [36]. However, some ssRNA aptamers with
little secondary structure, containing only few base-
paired regions, activate the 2-5A synthetase as
strongly as dsRNA [37]. Recently, the activation of
2-5A synthetase in prostate cancer cells by certain
cellular mRNAs was demonstrated [38].

Hartmann et al. [19] have demonstrated that the
dsRNA binding domain in the porcine OASI involves
several positively charged residues localized on the
surface of the protein. Only two of the five basic resi-
dues, which have been shown to be important for
dsRNA binding and enzymatic activity in porcine
2-5A synthetase, are conserved in the G. cydonium
sequence [19]. This may bring about an RNA recog-
nition by the sponge enzyme that differs from that
exhibited by vertebrate 2-5A synthetases. Our data
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demonstrate a much higher affinity of RNA to the
recombinant enzyme from G. cydonium than to the
porcine one. Moreover, the sponge 2-5A synthetase
may need an RNA with special primary and secon-
dary structure elements for its activation. Poly(I)
poly(C) as a synthetic dsRNA may meet these
requirements only partially.

Further studies will be required to clarify the
structure of the activator of 2-5A synthetases in the
sponges as well as the nature of the RNA binding
site in this protein molecule. This knowledge would
shed light on the function(s) of this ancient form of
the enzyme in the multicellular animals that are evo-
lutionarily most distant from humans. The general
significance of the study of 2-5A synthetase as one
of the key components of the mammalian 2-5A
system will be its contribution to our understanding
of the evolution of the innate immune system in
Metazoa.

Experimental procedures

Expression and purification of the recombinant
2-5A synthetase from G. cydonium

N-terminally 6xHis-tagged construct

The coding region of the putative 2-5A synthetase cDNA
(EMBL accession number Y18497) was cloned into pQE30
expression vector (Qiagen GmbH, Hilden, Germany).
The resulting polypeptide contained additional N-terminal
amino acids MRGSHHHHHHGSACELGTPIRFYAA
KGD, including the hexahistidine affinity tag (in bold)
and the anti-RGS-(His); antibody (Qiagen) binding site
(underlined), relative to the published polypeptide sequence
(UniProt accession number 097190).

With some modifications, the QIAExpress™ protocol
(Qiagen) for the expression of the histidin-tagged proteins
was used. The insert-containing plasmid was transformed
into the E. coli strain M15 (pREP4) (Qiagen). The trans-
formed bacteria were grown in 2xYT media, containing
appropriate antibiotics, on a rotary shaker at 200 r.p.m. at
37 °C until the cell density of Agpo nm = 0.6 was reached.
Then the expression of recombinant plasmid was induced
by adding isopropyl-p-D-thiogalactoside (Sigma, St Louis,
MO, USA) at a final concentration of 0.5 mm. After over-
night incubation at room temperature, cells were harvested
by centrifugation and lysed in lysis buffer (50 mm
Na,HPOy, pH 8.0, 500 mm NaCl, 10% glycerol, 20 mm im-
idazole) by sonication on ice. The lysate was clarified by
centrifugation and the supernatant was mixed with Ni>*-
NTA-agarose beads and rotated at 4 °C for 1 h. The beads
were washed with wash buffer (50 mm Na,HPO,, pH 8.0,
500 mm NaCl, 10% glycerol, 50 mm imidazole), applied to
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a column and eluted with elution buffer (50 mm Na,HPO,,
pH 6.8, 500 mm NaCl, 10% glycerol, 250 mM imidazole) in
0.75-1.5 mL fractions. The fractions were analyzed by
12.5% SDS/PAGE.

In a separate experiment the wash and elution buffers
used were alkaline, containing 50 mm NaHCOs;, pH 10.5
instead of 50 mm Na,HPO,.

C-terminally 6xHis-tagged construct

The bacterial expression vector pET9d (Novagen, Merck,
Darmstadt, Germany) containing the G. cydonium 2-5A syn-
thetase cDNA with a C-terminal hexahistidine affinity tag
was constructed by Signe Eskildsen (University of Aarhus,
Denmark). The resulting polypeptide incorporated addi-
tional C-terminal amino acids and hexahistidine affinity tag
(GSHHHHHH) relative to the published polypeptide
sequence. Following transformation into BL21 (DE3) E. coli
cells, the C-terminally tagged recombinant protein was
expressed and purified as described above. Both N- and
C-terminally tagged recombinant proteins contain an amino
acid substitution F32L compared to the published sequence.

Expression and purification of the porcine recombinant
2-5A synthetase

The recombinant BL21 (DE3) E. coli bacteria containing
the expression vector pET9d with the porcine 2-5A synthe-
tase cDNA were a gift from Rune Hartmann (University of
Aarhus, Denmark). The recombinant protein having a
C-terminal hexahistidine affinity tag was produced and
purified as described above.

SDS/PAGE and western blot analysis

The proteins were separated in 12.5% SDS-polyacrylamide
gel [39]. To visualize proteins, the gel was stained with
PageBlue™ Protein Staining Solution (Fermentas, Burling-
ton, ON, Canada) and scanned to produce a digital image.
For the Western blot analysis, the separated proteins were
transferred to a Hybond C Extra membrane (Amersham,
Little Chalfont, UK). The membrane was blocked for 1 h
with a solution of 5% (w/v) nonfat dry milk in phosphate-
buffered saline (NaCl/Pi), pH 7.4 containing 0.1% (v/v)
Tween 20 (NaCl/Pi-Tween). The membrane carrying N-ter-
minally tagged protein was incubated for 1 h with 1 : 5000
(v/v) dilution in NaCl/Pi of mouse anti-[RGS-(His)4] serum
(Qiagen). For C-terminally tagged proteins, mouse mono-
clonal antibody to (His)s tag (Quattromed, Tartu, Estonia)
was used (dilution 1 : 2500, v/v). Then the membranes were
incubated for 1 h with 1 : 5000 (v/v) dilution in NaCl/Pi of
goat anti-mouse serum F(ab’), fragment conjugated to
HRP (Santa Cruz Biotechnology, Santa Cruz, CA, USA).
Between the incubations, the membrane was washed three

3470 FEBS Journal 274 (2007) 3462-3474 © 2007 The Authors Journal compilation © 2007 FEBS



M. Péri et al.

times with NaCl/Pi-Tween and, after the last incubation,
twice more with NaCl/Pi. The proteins were visualized
using ECL method (SuperSignal® West Pico Chemilumi-
nescent Substrate; Pierce, Rockford, IL, USA).

Dialysis of the recombinant 2-5A synthetase

To remove imidazole, fractions containing recombinant
protein were pooled and dialysed against buffer A (10 mm
Hepes, pH 7.5, 1 mM Mg-acetate, 90 mm KCl, 2 mm
B-mercaptoethanol, 10% glycerol). Alternatively, pooled
fractions were concentrated and the imidazole containing
buffer was exchanged against buffer A or buffer N (20 mm
Tris/HCI, pH 7.5, 1 mMm Mg-acetate, 20 mm NaCl, 2 mm
B-mercaptoethanol, 10% glycerol) using Amicon® Ultra
Centrifugal Filter Devices (10 kDa MWCO, Millipore,
Bedford, MA, USA).

When alkaline buffers were used for protein purification,
the imidazole buffer was exchanged against buffer B
(50 mm NaHCOg;, pH 10.5, 1 mMm Mg-acetate, 20 mm NaCl,
10% glycerol) or buffer N at pH 10.5, adjusted with NaOH.

Nuclease treatments

To ensure a recombinant protein preparation free from
nucleic acids, several nuclease treatments during or after
purification of the protein were undertaken.

First, for nuclease treatment during protein purification,
12.5 U'mL"™" of Benzonase® nuclease (Novagen) were added
into the lysis and/or wash buffer.

Second, for nuclease treatment in the 2-5A synthetase
activity assay, 0.2 U-uL™" of the Benzonase® nuclease were
added to the reaction mixture.

Finally, for nuclease treatment after protein purifica-
tion, 200 uL of the dialyzed protein solution in buffer N
(optimal conditions for the nuclease) were incubated at
room temperature in the presence of 0, 0.005, 0.05 or
0.5 U-pL™! of the Benzonase® nuclease for different time
periods. The formation of the precipitate was monitored
visually. After formation of the precipitate, the protein
suspension was centrifuged at 2300 g using an Eppendorf
centrifuge  5415D, rotor F-45-24-11 (Eppendorf AG,
Hamburg, Germany) at room temperature for 1 min. The
pellet was washed several times with buffer N and dis-
solved in buffer N containing approximately 3.7 mm
NaOH (final pH 10.4). The protein suspension, as well as
the supernatant and dissolved protein solution, was tested
for its 2-5A synthesizing activity.

2-5A synthetase activity assay

Under optimized conditions, 2-5A synthetase activity was
assayed by incubating the recombinant protein in the reac-
tion mixture containing 20 mm Tris/HCI, pH 8.0, 25 mm
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MgCl, and 5 mm ATP as a substrate, in a final volume of
50 pL, at 37 °C for different time periods. The reaction was
stopped by heating at 95 °C for 5 min and centrifuged
at 16 000 g for 5 min using an Eppendorf 5415D. (In some
experiments, varying concentrations of poly(I)poly(C),
poly(A)-poly(U), poly(I), poly(C), poly(U), bD-fructose
1,6-diphosphate, bovine high molecular weight DNA, soni-
cated DNA from salmon sperm (all from Sigma), poly(A)
(Reanal, Budapest, Hungary) and/or Benzonase® nuclease
were added to the reaction mixture.

The analysis of reaction products was performed as pre-
viously described [31]. Briefly, the reaction products were
subjected to a Cg reverse-phase column (Supelcosil™
LC-18, 250 x 4.6 mm, 5 um, Supelco, Bellefonte, PN,
USA) at 40°C. Eluent A was 50 mM ammonium
phosphate pH 7.0 and eluent B was 50% methanol in
water. The products were separated and analysed in a lin-
ear gradient of eluent B (0-40%, 20 min); the column was
equilibriated with eluent A before the next injection
(10 min). The absorption was measured at 260 nm. The
retention times of ATP, adenosine and oligoadenylates, in
either their phosphorylated or dephosphorylated (‘core’)
forms were estimated by comparing them with those of
authentic compounds. The quantification of the products
was performed by measuring the relative peak areas
(Millenium®2, version 3.05 software, Waters Corporation,
Milford, MA, USA). The 2-5A synthesizing activity was
expressed as a specific activity [nmol ATP polymerized-(ug
protein-h)™].

For dephosphorylation of the products, the reaction mix-
ture was treated with shrimp alkaline phosphatase (SAP,
Fermentas). SAP in a final concentration of 0.04 U-uL™" was
added to the reaction mixture and incubated at 37 °C for 1 h.

Identification of the reaction products
RNase T, treatment

The fractions corresponding to the individual peaks were
collected from the HPLC outlet and treated with 0.4
1.6 units of RNase T, (Invitrogen, Carlsbad, CA, USA)
overnight at 37 °C. The reaction was stopped by heating at
95 °C for 5 min and the products were analyzed by HPLC
as described above.

Alkaline hydrolysis

HPLC fractions were treated with 0.3 M NaOH at 95 °C
for 10 min. After neutralization, the products were ana-
lyzed by HPLC.

MALDI-MS analysis

HPLC fractions were directly subjected to mass spectrometric
analysis. The analysis was carried out with a matrix-assisted
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laser-desorption/ionization time-of-flight (MALDI-TOF)
mass spectrometer, as previously described [25].

Native polyacrylamide gel electrophoresis

The acidic native gels were composed of 10% acryl-
amide:bis-acrylamide (39 : 1), 80 mm f-alanine, 40 mMm
acetic acid, pH 4.4 and 12.5% glycerol. The gels were poly-
merized with 0.075% N,N,N’,N’-tetramethylethylene di-
amine and 0.3% ammonium persulfate. The running buffer
was 80 mM P-alanine, 40 mM acetic acid, pH 4.4. The gels
were run at 20 mA for 1 h.

The basic native gels were composed of 10% acryl-
amide:bis-acrylamide (39 :1), 0.375 ™M Tris/HCl, pH 8.8
and 12.5% glycerol. The gels were polymerized with
0.025% N,N,N’,N’-tetramethylethylene diamine and 0.15%
ammonium persulfate. The protein samples were mixed
with appropriate amounts of 5 x sample buffer (50% gly-
cerol, 0.15% bromophenol blue) and loaded to the gel. The
gels were run in Tris-glycine buffer (pH 8.3) at the constant
current of 20 mA for 1-1.5 h.

The gels were stained with PageBlue™ Protein Stain-
ing Solution (Fermentas). For visualizing nucleic acids,
the gels were soaked in 1 pgmL™" EtBr solution for few
minutes.

The basic gel was cut to 0.5 cm strips and the enzymatic
activity assays were performed as described.

Size exclusion chromatography of the
recombinant protein preparation

Size exclusion chromatography was performed using the
HPLC system and software described above. The recombin-
ant protein preparation was loaded onto a SEC column
(BioSep-SEC-S3000, 300 x 7.8 mm, 5 pm, Phenomenex,
Torrance, CA, USA) at room temperature and the elution
was performed with buffer N at a flow rate of 0.75 mL-
min~! for 40 min. The column was calibrated with 100 pg
of each of the following substances: bovine serum albumin,
chicken egg albumin, cytochrome ¢ and tryptophan. After
washing the column with buffer N, 48 fractions (250 pL
each) were collected. The collected fractions were analyzed
in 12.5% SDS-polyacrylamide gel and tested for their enzy-
matic activity.

Estimation of protein and RNA concentration in
recombinant protein preparation

Protein concentrations in recombinant protein preparations
were measured by a modified Bradford method [40].
Protein concentrations in size exclusion chromatography
fractions were estimated by the absorbances at 260
and 280 nm using the formula C, (mgmL™") =
1.55A4550 — 0.76 4240 [41]. RNA concentration in the protein

M. Péri et al.

preparation was estimated using the formula Cgrna
(mg'mL™") = (460 - 0.5 Cp)0.04. The molar concentration
of nucleotides was calculated by dividing the RNA concen-
tration Crna (mgmL™") by the average nucleotide molecu-
lar weight of 339.5 g'mol ™.

The number of nucleotides per protein molecule was cal-
culated by dividing the molar concentration of nucleotides
by the molar concentration of protein in the preparation.
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Abstract 2',5'-Oligoadenylate synthetases (2-5A synthe-
tases, OAS) are enzymes that play an important role in the
interferon-induced antiviral defense mechanisms in mam-
mals. Sponges, the evolutionarily lowest multicellular ani-
mals, also possess OAS; however, their function is
presently unclear. Low homology between primary struc-
tures of 2-5A synthetases from vertebrates and sponges ren-
ders their evolutionary relationship obscure. The genomic
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structure of vertebrate OASs has been thoroughly exam-
ined, making it possible to elucidate molecular evolution
and expansion of this gene family. Until now, no OAS gene
structure was available from sponges to compare it with the
corresponding genes from higher organisms. In the present
work, we determined the exon/intron structure of the OAS
gene from the marine sponge Geodia cydonium and found
it to be completely different from the strictly conserved
exon/intron pattern of the OAS genes from vertebrates.
This finding was corroborated by the analysis of OAS
genes from another sponge, Amphimedon queenslandica,
whose genome was recently sequenced. Our data suggest
that vertebrate and sponge OAS genes have no direct com-
mon intron-containing ancestor and two (sub)types of OAS
may be discriminated. This study opens new perspectives
for understanding the phylogenesis and evolution of 2-5A
synthetases as well as functional aspects of this multigene
family.

Keywords 2',5'-Oligoadenylate synthetase - OAS -
Genomic structure - Sponge - Geodia cydonium -
Amphimedon queenslandica

Introduction

2',5'-Oligoadenylate synthetases (2-5A synthetases; OAS;
EC2.7.7.-) belong to the ancient group of nucleotidyltrans-
ferases (Holm and Sander 1995; Aravind and Koonin 1999;
Martin and Keller 2007), being unique in catalyzing the
formation of 2',5'-phosphodiester linkage instead of the
usual 3',5'-linkage. The 2-5A synthetases comprise a dis-
tinct group within the DNA polymerase fi-like nucleotidyl-
transferase superfamily and share little sequence similarity
with enzymes of other families. On the basis of a detailed

@ Springer



454

Mol Genet Genomics (2008) 280:453-466

sequence signature analysis, Rogozin et al. (2003) proposed
that the 2-5A synthetase family has evolved from the more
ancient poly(A)polymerase or TRF4/5 families.

The 2',5'-oligoadenylate synthetases were discovered as
a part of the interferon antiviral pathway in mammals (rev.
by Hovanessian 2007). When activated by double-stranded
RNA (dsRNA), the enzymes catalyze the polymerization of
ATP into 2’,5'-linked oligoadenylates (2-5A) with the gen-
eral formula pppA(2'p5’A),, where n > 1. The only known
function of 2-5A in higher vertebrates is to activate latent
ribonuclease (RNase L) that degrades single-stranded RNA
of viral and cellular origin. These enzymes together with
2'-phosphodiesterase, which degrades 2-5A, constitute an
RNA degradation pathway referred to as the 2-5A system.
The 2-5A system in mammals has been extensively charac-
terized (rev. by Player and Torrence 1998). Though
described initially as important components of the antiviral
action of interferon, 2-5A synthetases have now been dem-
onstrated to also be involved in other cellular processes,
such as regulation of cell growth, differentiation, pre-
mRNA splicing, tumorigenesis and apoptosis (Sperling
etal. 1991; Salzberg et al. 1997; Ghosh et al. 2000; Cha-
wla-Sarkar et al. 2003).

Studies on OAS gene distribution among metazoans
have shown their wide occurrence in vertebrates; however,
in certain vertebrate lineages (e. g., in some teleost fishes
and in the amphibian Xenopus tropicalis) they were not
found (evidently lost) (Venkatesh et al. 2007). Besides, the
genomic analysis of the model organisms has not revealed
the presence of 2-5A synthetase either in the insect (Dro-
sophila melanogaster), nematode (Caenorhabditis ele-
gans), yeast (Saccharomyces cerevisiae) or the plant
(Arabidopsis thaliana).

We have demonstrated the presence of OAS in the evo-
lutionarily lowest multicellular animals, sponges (Kuusk-
salu etal. 1995, 1998). As sponges reside close to the
metazoan stem, their genomic analysis will give us an
insight into the ancient genomic conditions from which
metazoan emerged. This will also promote our understand-
ing of the evolution of particular genes of interest. Up to
now, protein primary structures of four 2-5A synthetases
from the following sponge species are available: Geodia
cydonium (Wiens et al. 1999), Suberites domuncula (Gre-
benjuk et al. 2002), Haliclona panicea (Miiller and Miiller
2003) and Lubomirskia baicalensis (Schroder et al. 2008).
The constructed phylogenetic tree reveals that the known
sponge OAS sequences fall into the same branch; verte-
brate OASs are more distantly related (Schroder et al.
2008). All these proteins from sponges consist of a single
OAS domain. The overall homology of sponge OAS pro-
teins compared to those from vertebrates is weak, indeed.
For example, the amino acid sequence of the OAS from G.
cydonium is 18% identical to the mouse OAS1a/L3 isoform
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and 17% identical to the chicken OAS (Wiens et al. 1999).
Considering the low homology between primary structures
and the long evolutionary distance between vertebrates and
sponges, the detailed evolutionary and functional relation-
ships of OASs from these metazoans remain obscure.

It would be of considerable interest to elucidate the func-
tion of 2-5A synthetases in sponges, having in mind either
the possible role of these enzymes in the innate immune
system, particularly in the antiviral protection system of
these invertebrates (Schroder et al. 2008) or other roles that
might be connected with cell growth or gene regulation.
Our previous studies have revealed significant differences
in the enzymatic properties of the enzymes from sponges
and vertebrates. Differently from higher animals, the OAS
from sponges acts in a dSRNA-independent manner in vitro
and the enzymatic activity is resistant to nuclease treat-
ments (Lopp etal. 2002; Reintamm et al. 2003). When
expressed in E. coli, the recombinant OAS from G. cydo-
nium has high affinity RNA binding properties; however,
the structural requirements for the RNA constituent of the
enzyme/nucleic acid complexes remain to be established
(Piri et al. 2007). Further studies for the characterization of
the sponge OAS are necessary to understand the function of
the 2-5A synthesis in these lower metazoans.

The repertoire of OAS genes in vertebrates is surpris-
ingly diverse (Perelygin et al. 2006). However, the mem-
bers of the 2-5A synthetase gene family from higher
animals (from human to chicken) share a common build-up,
consisting of a basic exon/intron unit of five translated
exons. This unit is found once in OAS1 and OAS-like
genes, repeated twice in OAS2 and three times in OAS3
and followed by one or two isozyme-specific terminal
exon(s) (rev. in Justesen et al. 2000; Eskildsen et al. 2002).
The positions of introns in the homologous regions of the
OAS genes are strictly conserved between the vertebrates
analyzed so far (Perelygin et al. 2006). Both the human and
mouse OAS genes are clustered in a single locus, whereas
the OAS-like gene(s) is (are) located in a close but separate
locus (Justesen et al. 2000; Eskildsen et al. 2002).

In the current study, we present the genomic structure of
the OAS from the evolutionarily lowest metazoa, a sponge,
for the first time. The presence of at least two OAS gene
versions, as well as the tandem arrangement of OAS genes
in G. cydonium is demonstrated. The coding sequence of
the G. cydonium OAS gene is interrupted by seven compar-
atively short introns and their positioning substantially
differs from the pattern found in vertebrates. The exon/
intron structure of the OAS gene from G. cydonium was
confirmed by the analysis of genomic data of another
sponge, Amphimedon queenslandica, whose genome was
recently sequenced. Unlike in vertebrates, the OAS genes
from A. queenslandica do not form a single contiguous
cluster but are grouped in separate loci containing one or
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two tandemly arranged OAS genes. Taken together, our
results define sponge OAS as a clearly distinct subgroup of
the OAS family. These data suggest that the last common
ancestor of vertebrates and sponges already had several,
most probably intron-containing, OAS genes which were
further subjected to independent evolutionary scenarios.

Materials and methods
Sponges

The specimens of Geodia cydonium Jameson 1811 (Porifera,
Demospongiae, Astrophorida, Geodiidae) were collected in
two locations of the Mediterranean: the Tyrrhenian Sea
(Napoli Bay, individual 1) and the Adriatic Sea (Rovinj, indi-
vidual 2) (gifts from S. de Rosa and W. E. G. Miiller, respec-
tively). The animal samples were cut into pieces, frozen in
liquid nitrogen and kept at —70°C until their further use.

DNA isolation

One hundred to two hundred milligrams of the tissue was
homogenized in liquid nitrogen and digested in 700 pl of
the solution containing 50 mM Tris—HCI, pH 8.0, 100 mM
EDTA, 100 mM NaCl, 1% SDS and 0.5 mg/ml proteinase

K at 55°C overnight, followed by treatment with 50 pg/ml
of RNase A at 37°C for 1 h. The mixture was centrifuged to
remove debris, the supernatant collected, treated with phe-
nol/chloroform and precipitated.

RNA isolation

The tissue was mechanically broken in liquid nitrogen and
RNA was extracted using the procedure described by
Chomczynski and Sacchi (1987).

Primers

The primers for establishing the exon/intron structure of the
G. cydonium OAS gene were designed on the basis of the
corresponding cDNA sequence (EMBL/GenBank Acces-
sion No. Y18497). The primers were named according to
this sequence, the numbers indicating the 5" positions of the
primers. The primer set was defined using Primer 3.0 soft-
ware (MIT). The primers were then re-screened to mini-
mize the presence of those containing the AGG triplet (and
reverse primers containing the CCT triplet) that represents
the most common splice junction consensus sequence.
Additionally, the primers R1119 and R1140 were used to
obtain the longest possible non-coding sequence. The
primer sequences are presented in Table 1.

Table 1 The primers for the

analysis of the OAS gene from 3" Primer 3" Primer

G. cydonium L4 GGTTTAGCCTCGGACCAA R245 CCCAGTGAGCCAGCCTTA
L30 TCGTTCTGCTGACCCAGA R255 GGTTCCGTGACCCAGTGA
L78 TATGGCTAGCCCGGTTCC R256 AGGTTCCGTGACCCAGTG
L84 TAGCCCGGTTCCTCCAG R485 GGGCTCACCAGGAGATCA
L93 TCCTCCAGGTGATGTTCCA R493 CCCAGTAAGGGCTCACCA
L130 GCAAACTGTGCCGTAAAGG R495 CTCCCAGTAAGGGCTCACC
L136 TGTGCCGTAAAGGAGATCG R605 GGGGGCTGTCGACTCATA
1232 GCTGGCTCACTGGGTCAC R692 GAGCTAGGTCGCCCTTCA
L1239 CACTGGGTCACGGAACCT R693 TGAGCTAGGTCGCCCTTC
L1240 ACTGGGTCACGGAACCTC R816 ACGTCGTCCCCAGTGAAC
L243 GGGTCACGGAACCTCAGTC R820 TACCACGTCGTCCCCAGT
L482 GCCCTTACTGGGAGAGCTG R892 GTGGTCTGCTTGGCAGGA
L563 GTGCTTCCAGATGGCAGAG RO14 GGGTTGGCAGGGTCAATA
L591 GAGTCGACAGCCCCCAAT R949 AGCCAGCAATCCCAGAGA
L593 GTCGACAGCCCCCAATAG R950 TAGCCAGCAATCCCAGAGA
L594 TCGACAGCCCCCAATAGT R995 TTTCCATCTCCACCGTCA
L645 GGATGACACATGGCCTGA RI119 ACCACATCATAGCCATGACACA
L673 TGTGAAGGGCGACCTAGC R1140 TACTGTAAAACAAAA
L801 TCACTGGGGACGACGTG
L1804 CTGGGGACGACGTGGTAA
L879 GCCAAGCAGACCACGAGT
L69 CAAAGGTGATATGGCTAGCCCGGTT
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The following primers were designed to discriminate the
GeoOAS1Aa/GeoOAS1Ab sequences, which were found
during the study:

1283
R788

CTTGTGGTCTATTCAAGA
TCTCTATGAACTAATCCAATAA

The cloned PCR amplicon L879-R245 containing the
GeoOASI1A intergenic region was analyzed using the fol-
lowing additional primers:

AGCTCTACCAGTGGGCTCAA
GCAGAACGAAGAAAGCCTTG

PCR

The genomic sequences were amplified using HotStarTaq
Master Mix (Qiagen) according to the manufacturer’s
instructions. The PCR temperature profile was as follows:
initial denaturation at 95°C for 15 min, followed by 35
cycles at 58°C for 30 s, 72°C for 2 min and 95°C for 30 s
with a final extension at 72°C for 10 min. The reaction was
carried out in 10 pl of mixture containing 5 ng of genomic
DNA and 5 pmoles of each primer. For comparison, 5 pg of
the plasmid expressing OAS cDNA of G. cydonium (Piri
et al. 2007) was analyzed under the same conditions. PCR
products were analyzed in agarose gels stained with ethi-
dium bromide.

RT-PCR

Total RNA weighing 3.6 pg was reversely transcribed using
RevertAid™ M-MuLV Reverse Transcriptase (Fermentas)
either with the primer oligoTA (5'-T;A-3") or R1140 fol-
lowing the manufacturer’s protocol. PCR was carried out
with primers L283/R788 or L78/R1140 (20 pmol each). The
PCR was performed using 2x PCR Master Mix (Fermen-
tas). Thermal cycling was as follows: initial denaturation at
95°C for 2 min, 35 cycles at 94°C for 1 min, 44°C for 1 min,
72°C for 1.5 min and a final extension at 72°C for 10 min.
The PCR products were separated in a 1% agarose gel and
visualized under UV-light after staining with ethidium bro-
mide. Bands were excised from the gel and DNA was puri-
fied using Jetquick Gel Extraction Spin Kit (Genomed) and
subjected to direct sequencing from both ends, using the
same primers that were used in PCR.

5'- and 3’'-RACE procedures were performed using
FirstChoice® RLM-RACE kit (Ambion) according to man-
ufacturer’s instructions except for OASI1Ab 5'-region
cDNA that was synthesized using primer R788. For the
amplification of OAS1Aa 5'-region, primers R820 and
R257 were combined with 5'-RACE outer and inner prim-
ers, respectively. The OAS1Ab 5'-region was amplified
using primers R788 and R256 together with 5'-RACE outer
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and inner primers, respectively. The 3'-RACE was per-
formed using primer L69.

Sequencing

Homogenous PCR products were purified, using Jetquick
PCR Purification Spin Kit (Genomed), and subjected to
straight sequencing, using the same primers that were used
in PCR. Alternatively, amplicons were first cloned into the
pTZ57R/T vector using InsTAclone PCR Cloning Kit™
(Fermentas) following the manufacturer’s instructions. The
vector specific primers were used in the latter case.

The sequencing reaction was performed using BigDye
Terminator v3.1 Cycle Sequencing chemistry (Applied
Biosystems) with 25 cycles of denaturation at 95°C for
30 s, annealing at 50°C for 15 s and extension at 60°C for
4 min. ABI PRISM 3130 Genetic Analyzer (Applied Bio-
systems) was used for the analysis.

The analysis of sponge DNA databases

Known protein sequences of sponge OAS were used for the
search of cDNA and genomic sequences of OAS from the
databases of the marine sponges Oscarella carmela Muricy
and Parse 2004 (Porifera, Demospongiae, Homoscleromor-
pha, Homosclerophorida, Plakinidae, Oscarella) and
Amphimedon queenslandica Hooper and van Soest 2006
(Porifera, Demospongiae, Haplosclerida, Haplosclerina,
Niphatidae, Amphimedon) using the tBLAST program
(Altschul et al. 1997). O. carmela has 11,176 entries in the
NCBI EST database (http://www.ncbi.nlm.nih.gov/sites/
entrez?db=nucest) and A. queenslandica has both EST and
WGS data (83,040 and 28,34,852 raw single-pass reads of
DNA sequences) (ftp:/ftp.ensembl.org/pub/traces/reniera_
sp_jgi_2005). While the EST matches for OAS were found
in O. carmela, no ESTs were detected in the A. queenslan-
dica database. Multiple matches coding for several putative
OAS genes were present in the A. queenslandica WGS
database. Three main types of OAS could be defined; geno-
mic contigs were assembled for each OAS gene. To resolve
the genomic arrangement of OAS genes, the flanking
sequences were assembled and analyzed. Nucleotide
sequence manipulations were performed using the BioEdit
program (http://www.mbio.ncsu.edu/BioEdit/).

Results

OAS is presented by at least two gene versions
in the genome of Geodia cydonium

A set of primer pairs based on the OAS1 cDNA sequence
from G. cydonium was used to design the experiment to
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define the genomic structure of the corresponding gene. The
genomic PCR products with chain lengths longer than those
from the corresponding cDNAs were subjected to sequenc-
ing. The results showed that several amplicons that should
have had overlapping regions were derived from highly
similar yet different targets. Therefore the sequencing strat-
egy was modified by amplifying the longest possible geno-
mic fragments. The usage of the primer pairs L4-R995 and
L78-R1119 resulted in homogenous amplicons derived
from two different target sequences, respectively. The target
corresponding to the amplicon L4-R995 (1899 bp), the
sequence of which was closer to that in GenBank (Y 18497)
was termed GeoOAS1Aa. The predicted cDNA sequence of
GeoOAS1Aa differed from that in the database (Y18497) by
7 transitions (3 amino acid substitutions), including the mis-
match in the 3’-end of the primer L78 (position 94).

The sequence of the longest product obtained using
primer L78 (78-1119) defined the second version of the
OAS gene (hereinafter referred to as GeoOAS1Ab)
(Fig. 1). Both GeoOAS1Aa and GeoOAS1Ab genomic
fragments were deposited in the GenBank database (Acc.
No. EU856087 and EU856088, respectively). Differences
between the two versions of the OAS gene in the region
78-995 include: (1) insertion/deletion of one triplet in the
coding region (Serl25), (2) 44 mismatches in the exons
resulting in 26 amino acid substitutions, and (3) minor vari-
ations of the lengths and sequences of the introns (Fig. I;
Supplementary Table 1). The overall nucleotide sequence
identity between the two gene versions is 94.2%. Co-ampli-
fication of the fragments from GeoOAS1Aa and Geo-
OAS1ADb exhaustively explains the heterogeneity of the
shorter amplification products observed by us.

OAS in Geodia cydonium has a unique exon/intron
structure different from that in vertebrates

The comparison of the genomic OAS sequences, elucidated
from G. cydonium, with the original cDNA sequence
(Y18497) (Wiens et al. 1999) showed the presence of eight
coding exons in the GeoOAS1A gene plus the non-coding
5'-leader sequence and a long intron following it (Fig. 2).
The gene has two types of introns, mainly of short length
but three of them are of longer length. The translational
start codon is located in exon 1 in position 79 and the trans-
lational stop is in the last exon in position 1060. The char-
acteristic 2-5A synthetase regions, described by Wiens
etal. (1999), are localized in three exons (3, 6, 8) and two
functionally important amino acids are found in exon 4.

All the exon/intron boundaries comply with the GT/AG
rule for splice junctions (Fig. 1).

The genomic structure of an OAS unit has been con-
served in all human 2-5A synthetases and also in other
mammalian OASs (Kumar etal. 2000; Perelygin et al.

2006). The results of our study showed that the number of
translated exons in the G. cydonium OAS gene is different
from that in the mammalian OAS unit (eight and five,
respectively). Moreover, the comparison of a representative
of mammalian OAS, the OAS1 gene from human, with that
from G. cydonium conducted on the basis of the amino acid
alignment revealed that the intron positions relative to the
conserved amino acid stretches are completely different.
However, in the order of intron phases there is a similarity
which can be followed in the OAS gene from G. cydonium
and a mammalian OAS gene. In comparison with the
human OAS gene, all four introns in respective phases are
shifted upstream in the sponge gene (Fig. 3).

Both OAS gene versions are expressed in Geodia cydonium

The original OAS c¢DNA from G. cydonium (Y18497) has
the sequence close to that of GeoOAS1Aa. Thus the
expression of GeoOAS1Aa has already been demonstrated.
We now addressed the question of the expression of the
other gene version, GeoOAS1Ab. The RNA was isolated
from a sample from individual 1. The presence of a cDNA
fragment of GeoOAS1AD in this sample was confirmed by
sequencing the amplicon obtained with the primer pair
L283-R788. The following 5'-RACE resulted in 5'-termi-
nus of GeoOAS1Aa transcript lacking exon O; the tran-
scription initiation site was in the position 55. The 5'-UTR
of GeoOAS1AD transcript was 42 nucleotides longer than
that in GeoOAS1Aa's shorter transcript, attributable to
either exon 1 or exon 0. Based on this result, the universal
primer L69 was designed, which in combination with the
3'-RACE outer primer yielded a mixture containing the
full-length coding cDNAs for both GeoOAS1Aa and Geo-
OAS1Ab. The mRNA amplicons were deposited in the
GenBank (Acc. Nos. EU856090-EU856093).

OASI1 gene versions in G. cydonium are tandemly
organized

The existing primers were used to test the possibility of tan-
dem arrangement of GeoOASIAa and GeoOAS1Ab by
PCR. We succeeded in amplifying the intergenic area using
primers L801 and R256 (Fig. 4).

The 3’-terminus of the fragment matched the 5'-termi-
nus of the GeoOAS1Aa, including the first two exons and
the first two introns. Thus the downstream OAS version is
most probably GeoOAS1Aa. The 5'-terminus of this frag-
ment had a short match with the amplicon from the 3'-ter-
minus of the GeoOAS1Aa. Still the 5'-partner of this
tandem repeat can be GeoOAS1AD, as well, as this region
does not contain any definitive descriptor that discriminates
between possible GeoOAS1A versions. The overall length
of the intergenic stretch is 1620 nucleotides and it contains
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Fig. 1 Alignment of Geo-
OAS1Aaand GeoOAS1Ab. The
genomic sequences of Geo-
OAS1Aaand GeoOAS1Ab from
individual 1 were aligned with
GeoOAS1 cDNA sequence from
the database (Y18497) and then
compared to each other. The ex-
ons are shown in boxes. Black
residues indicate both the amino
acid changes and the nucleotide
mismatches causing these
changes. Gray areas indicate the
changes which do not alter the
coded protein. The primer-
forced sequences are given in
small letters. The beginnings
and ends of introns are indicated
in bold and by means of the
underlined letters

eight repeats of 44 nucleotides after the end of mRNA. This
sequence was deposited in the GenBank database (Acc No.

EU856089).

OAS gene versions in G. cydonium are genetically linked

GeoOAS1Aa
¥18497

GeoOAS1ha
GeoOAS1Ra

GeoOAS1Aa
¥18497

GeocOAS1Aa_pep
GecOAS1Ra
¥18497
GeoOAS1Ab
GeoOAS1Ab_ pep

GecOAS1Ra pep
GeoOAS1Aa
¥18497
GeoOAS1Ab
GeoDAS1Ab_pep

GecOASlAa pep
GecOAS1ha
¥18497
GecOAS1Ab
GeoOAS1hb_pep

GeoOAS1ha
GecOAS1Ab

GeocOAS1Aa_pep
GeoOAS1Ra
¥18497
GeoOAS1Ab
GeoDAS1Ab_pep

GecOAS1Ra_pep
GeocOAS1ha
¥18497
GeoOAS1Ab
GeoOAS1Ab pep

GeocOAS1ha_pep
GeocOAS1ha
¥18497
GaocORS1Ab
GecOAS1Ab pep

GecOAS1Ra pep
GecOAS1lha
¥18497
GaocOAS1Ab
GeocOAS1Ab pep

GecOAS1Ra pep
GeoOAS1ha
¥18497
GecOAS1Ab
GeoOAS1Ab_pep

GeoOAS1lRa pep
GeoOAS1Aa
¥18497
GeocOAS1Ab
GeocOAS1Ab_pep

GecOAS1lha pep
GeoOAS1Aa
¥18497
GecOAS1Ab
GecOAS1AbL_pep

and may have more than two haplotypes

Both GeoOAS1Aa and GeoOASAb were also identified in
a sample from individual 2 (Acc. Nos. EU856094 to
EU856096), which refers to their genetic linkage; they are

not allelic variants of the same gene.

sequences of two
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individuals

were highly similar

TTCAATATAACACCTCATT

ggtttagcctoggaccaaGGrTTTC T'."CGT'!'CTGCTGACCC)\?&GCGCACTT?A
CCCGETTTAGCCTCGGACCAAGECTTTCTTCGTTCTGCTGACCCA

ATTTARACGETGARGACCTGGGT T TTGAGTCTATGTATTGAGCGGTGGCGGCGAGCGCTEGAAATTCCGGGACATTCETS

CTACTTTGCCTTGACCGGGACACCGCTGGGACARGGCCTAARCTTCAGGGACTGTCCCGGCCATTCCGGGACAGTTGGCA

ACTATGCACTAGACTAGTGGTTATTCTGCGCATGCGTAGTTCACACACTGCGATTCATGT TTTGTAGARAAAAGGGTGTGT

—M--A--5--P--V-

CTATGCCGCCAAAGGTGATATGGCTAGCCCGGT A e CAAAAGCTTATGAGTGTAGCCATTGTAC

tatggctagccoggtt TAGCTAGCTACAAAAGCTTATGAGTGTAGCCATTGTAC
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7
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157

237

317
59

389
100
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469
161
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527

766
280
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B45
301
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925
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1005
453
625

1085
533
752

1154
551
B2B

(Table 2A), however, in the region 4-949 still a number of
single nucleotide substitutions were detected, 8 of them

being in exons and 9 in introns (where additionally two
deletions were observed). Five substitutions were non-

synonymous, leading to the amino acid substitutions. In

contrast to GeoOAS1Aa, the genomic sequence of Geo-
OAS1Ab was almost identical to that in the first individual

GeoOAS1Aa  in particular animals demonstrates the presence of

GeoOAS1A haplotypes in G. cydonium.

in the analyzed region 78-892 (Table 2A); only a single
nucleotide insertion/deletion was detected in intron 7. The
occurrence of individual differences of GeoOAS1A genes

the
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Fig. 1 continued GecOAS1ha_pep -—F—-T--V--C--A--5--R--W--Q—]
GecOAS1Ra AC ITCACTGTATGTGCTTCCAGATGGCAG, GAATTTATGAGTCACA CCCARBAGTTAGABTTATATCATTC 1234
¥18497 TITCACTGTATGTGCTTCCAGATGGCAGAGGGART TTATGAGTCGACAGCCCCCAAT? 609
GeoOAS1Ab Al TTCACTGTATGTGCTTCCAGATGGCAG o 908
GecOAS1Ab_pep -—F~-T--V--C=—A-=-§~--R--W--Q--|
GecDAS1Aa_pep
GeoOAS1Aa CCCTACTCATATCTAAGCTCGTCTECTTCCARA 1314
¥18497 654
GeocOAS1Ab CCCTACTCATGESSAAGCTCGTCTECTTCCAA 986
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S
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¥18497 CCACGAGTTATTGACCCTGCCAACCCAGCGAACRATGTCTGGGT GGGATTGCTGGCTATAAACCTGGAGAGAGAGC 968
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¥18497 AGGGAACTATGACGGTGGAGATGEARATCACAAGCCTCTACTTGATARGATCCATACAATTACAGAATACTTCACTTICC 1048
GecOAS1Ab AGGGARCTAEGACG: GAGATGGAAATCACAAGCCTCTACTTGATAAGATCCATACAATTACAGAATACTTCACTTTCC 1626
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¥18497 TGTCATTARAATAGCAAGTAACAACARACAATAGCCTGTTACTTATTTATGTGTCATGGCTATGATGTGGTAATAAGTTT 1128
GeoOAS1Ab TGTCATTAARGTAGCAAGTAACAACAAACAATAGCCTGTTACTTATTTAgtgbcatggctatgatgtggt 1697
GeoOAS1Ab pep _L--S--L--K--*-

¥18497 TCTT 1140

:

100 bp i
Start P-loop

Fig. 2 The GeoOASIA genomic structure. Exon numbers are indi-
cated on the top. The start and stop codons are marked as “M” and *,
respectively. The distribution of important residues in exons is given
under the gene. The contiguous structural motifs P-loop, Signl and

The comparison of the OAS from G. cydonium
with homologous sequences found in sponge databases

To place the experimental data obtained in this study into a
wider context, available sponge datasets were analyzed for
the structure and organization of OAS genes in other
sponges. Amphimedon queenslandica served as a model

Mg-Coord

RPRVIDEA *
Sign2  Stop

(
[
K YLISLLVIKAYN
Signl

Substr bind

Sign2 (conserved signatures) are given according to Wiens et al.
(1999); three aspartic acid residues participating in Mg?*-coordination
are as proposed by Hartmann et al. (2003); substrate binding residues
are presented according to Sarkar et al. (2002)

sponge for its genome being extensively sequenced and
annotated. In the WGS database, a number of tBLAST hits
were found against two partly conserved amino acid
stretches in the GeoOAS 1 A molecule, one of them being in
the central part of the protein and another one close to its
carboxy-terminus. The nucleotide sequences were extended
and complete structures of the hypothetical OAS genes for
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Fig. 3 Comparison of mamma-
lian and sponge OAS structures.

Amino acid sequences are de- e i" A;IV gi"
rived from human 2',5'-oligoa-

denylate synthetase 1 isoform 1

(NP_058132.2) and from the

OAS of G. cydonium (Y18497). humOAS1_1 FLESTTT MRRGE]
The alignment of sequences is ¥13497 WT IS*Y?F:IR’W“H

shaded according to the identity

(in black) and similarity (gray) 1
of amino acids. Intron locations
of the corresponding genes are
indicated by arrows; the num-
bers indicate intron phases

humOAS1_1
¥18497

humOAS1_1 VYBWERGSMETHENT] 2
¥18497 IK@YNIARSDR-ISF L
T

humOAS1 1
¥18497
— e
L801 R256
0 12 3
I — ] [N -]
200 bp GeoOAS1Aa

Fig. 4 The intergenic region between two copies of GeoOAS1A. Ex-
ons are shown in black and numbered according to Fig. 2. The gray box
indicates the localization of a tandem repeat of 44 nucleotides. PCR
primers are indicated on the top

A. queenslandica were predicted (Fig. 5). Furthermore, the
common genomic structure for sponge OAS could be defi-
ned despite minor variations between exon/intron structures
of different genes from G. cydonium and A. queenslandica
(Fig. 5).

P_D" 3
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Three main types of OAS (AmpOAS1A, AmpOASIB
and AmpOASI1C) could be defined with several variants
and numerous subvariants for each of them (Table 3). The
differences in the sequences of AmpOAS1Aa and Amp-
OAS1Ab were more pronounced than those of Geo-
OAS1Aa and GeoOAS1Ab (Tables 2A, 3), as we could not
predict the first two exons at the equivalent positions for
AmpOASIA (Fig. 5). AmpOASIB also had at least two
different versions where the end of exon 6 and the begin-
ning of the next exon could not be predicted in the equiva-
lent positions. The alternative versions of the third
AmpOAS type, AmpOAS1Ca and AmpOAS1Cb had iden-
tical exon/intron structures; the third version AmpOAS1Cc

Table 2 Intra-species differences between individual OAS protein sequences from G. cydonium (A) and S. domuncula (B)

A

GeoOAS1Aa GeoOAS1Aa’ GeoOAS1Aa" GeoOAS1ADb GeoOAS1Ab”
GeoOAS1Aa 1 0.983 0.983 0.910 0910
GeoOAS1Aa’ 0.990 1 0.993 0.921 0.921
GeoOASAa" 0.990 0.993 1 0.921 0.921
GeoOAS1Ab 0.945 0.948 0.948 1 1.000
GeoOAS1Ab” 0.945 0.948 0.948 1.000 1
B

SubOAS1Aa SubOAS1Ab SubOAS1Ac

SubOAS1Aa 1 0.951 0.969
SubOAS1Ab 0.972 1 0.950
SubOAS1Ac 0.975 0.972 1

GeoOAS1Aa’ sequence corresponds to the database sequence Y18497; GeoOAS1Aa is derived from individual 1 and GeoOAS1Aa” is derived
from individual 2. SubOAS1Aa and SubOAS1Ab correspond to database entries AJ301652 and AJ301653, respectively; SubOAS1Ac was taken
from Miiller and Miiller (2003). The numbers above the diagonal indicate identities of the protein pairs, the numbers below the diagonal represent

similarities of protein pairs according to BLOSUM62
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Fig. 5 Schematic alignment of the OAS genomic structure from G.
cydonium with predicted genomic OAS structures from A. queenslan-
dica. The illustration is based on amino acid alignment. Only the exam-
ples with non-identical exon/intron structures are presented. Exon
numbers are given on the fop. Exons are marked in black; introns are
gray and not aligned; the gaps inside introns indicate the different

lengths of introns; the gaps in exons indicate the insertions/deletions
(indels) of amino acids. Intron phases are written on the introns. Thick
black arrows indicate the exons of the neighboring genes, described in
Fig. 6. The two variable regions without any predictable common
structure are marked as “Var I” and “Var 2”, respectively

Table 3 Differences between individual OAS protein sequences predicted from genomic data for A. queenslandica

AmpOAS1Aa  AmpOASIAb  AmpOASIBa AmpOAS1Bb AmpOAS1Ca AmpOAS1Cb AmpOAS1Cc

AmpOASIAa 1 0.894 0.219 0.222 0.215 0.227 0.229
AmpOASIAb 0928 1 0.221 0.224 0.215 0.227 0.235
AmpOASI1Ba 0.362 0.365 1 0.887 0.456 0.468 0.409
AmpOASI1Bb 0.367 0.371 0.934 1 0.476 0.482 0.426
AmpOAS1Ca 0.382 0.357 0.626 0.644 1 0.935 0.741
AmpOASI1Cb 0.385 0.360 0.629 0.644 0.970 1 0.738
AmpOASI1Cc 0.394 0.382 0.577 0.597 0.860 0.857 1

See also Figs. 5, 6 and 7. The numbers above the diagonal indicate the identities of the protein pairs, the numbers below the diagonal represent the

similarities of protein pairs according to BLOSUM62

differed from them by lacking the sixth exon and having a
longer last exon (Fig. 5).

The characteristic heterogeneity of OAS1A genes from
G. cydonium and A. queenslandica was also observed in
Oscarella  carmela. Three ESTs  (G840P312L18,
G840P313A21, G840P310A16) are the products of the
same gene, one of them (G840P310A16) containing a single
non-spliced intron. The intron position and phase matches
those of the intron between exons 5 and 6 in GeoOAS1Aa.
The fourth EST (G840P37P5) is derived from a separate
gene as deletion of one amino acid has occurred in it.

Continuing the analysis of BAC clones presented in
WGS database for A. queenslandica, we could locate the
AmpOAST1 genes into different loci. In the first locus, two
AmpOASI1A copies are tandemly arranged (clone
BAYA372634) with about 200 nucleotides between them.
Some AmpOASI1A versions may also exist as single copies
between the same flanking regions. Interestingly, these
flanking regions belong to an intron of another gene
(Fig. 6a). The AmpOAS1IB and AmpOASIC genes are
localized in a separate locus. Their mutual arrangement is
tandemic, as well, but the repeat includes a part of the

neighboring gene. AmpOASI1C is located about 6 kb down-
stream from AmpOAS1B (Fig. 6b).

AmpOASIBa and AmpOASIBb, as well as Amp-
OAS1Ca, AmpOAS1Cb and AmpOAS1Cc represent only
some of the numerous alternative locus variants. The
general structure of a locus may be considered to be a con-
sensus sequence that is not attributable to the individual
sequences.

Summarizing the results of the analysis of genomic data
presently available for A. queenslandica, we can conclude
that the arrangement of the OAS1 genes in A. queenslan-
dica is different from that in vertebrates. Instead of a single
cluster of genes, two types of AmpOASI loci can be
observed. These loci containing AmpOASIA and Amp-
OAS1B/AmpOASIC, respectively, are separated by at
least five other genes.

Discussion

The aim of this work was to establish whether the 2-5A
synthetases from the evolutionarily lowest multicellular

@ Springer
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Fig. 6 Schematic presentation of two loci in A. queenslandica con-
taining OAS genes. a The AmpOAS1A locus (23 kb). b The locus con-
taining AmpOASIB and AmpOASIC (39 kb). The placement and
direction of genes is shown with thick arrows. The exons in the genes,
which have been elucidated from EST sequences or which are pre-
dicted by strong homologies of their ORFs with known protein struc-

animals, sponges, whose primary structure is distantly
related to those of mammalian OAS share a common geno-
mic structure with corresponding vertebrate genes. The
results of our study indicate that the exon/intron structure of
the sponge OAS is completely different from the pattern
found in higher animals (generalized by human OASI,
Fig. 3). Evidently, due to the low evolutionary conserva-
tion, the studied case, 2',5'-oligoadenylate synthetases, is
in contrast with the more conserved genes in sponges,
whose architecture is close to that in higher animals,
including humans (Miiller et al. 2002). The OAS gene in
the marine sponge G. cydonium has eight translated exons
instead of five found in the mammalian OAS unit, and the
intron positions relative to the conserved amino acid motifs
are completely different. Also, the genomic analysis
showed that the introns in the OAS genes from G. cydo-
nium are shorter than that in mammals; this seems to be
typical of sponges in general (Miiller et al. 2002). The
available set of genomic sequences from another marine
sponge, A. queenslandica, was used to enlighten the ques-
tion whether the OAS gene structure from G. cydonium is a
unique one or characteristic of other sponge species as well.
The surprising result of the analysis of the genomic data of
A. queenslandica was the presence of three single-domain
OAS gene types whose coding sequences differ from one
another at the same level as we can observe between differ-
ent sponge species (Fig. 7; Table 4). Generally, the inter-
species comparison of known sponge OAS protein
sequences in Table 4 refers to very low similarity between
these proteins, most probably due to their independent

@ Springer

tures, are given in separate lines. Elucidated genes and ORFs are
numerated. Predicted neighboring genes are specified in Supplemen-
tary Table 2. Evidence for the tandem arrangement of OAS1Aa and
OAS1ADb in a comes from the genomic clone BAYA372634. The dot-
ted line in the structure of OAS1Ac indicates the genomic deletion,
which includes the 3’-end of OAS1Aa and 5'-end of OAS1Ab

evolution after the divergence from their common ancestor.
All three OAS genes have a structure close to that in
G. cydonium (Fig. 5); no OAS with a vertebrate-like gene
structure was identified. Our findings demonstrate a com-
mon overall genomic structure of sponge OASs in spite of
the low homology of their amino acid sequences. The sin-
gle OAS intron found in the EST dataset of O. carmela also
coincides with the consensus structure proposed by us.

The results of the elucidated exon/intron structure do not
support the idea of a hypothetical direct intron-containing
common ancestor for vertebrate and sponge OAS. If that
was the case, all the conserved motifs in human OASs
should have significantly migrated to the neighboring
exons, which is highly improbable (Rogozin et al. 2005). If
we take the major mechanism of intron evolution, intron
gain and loss, to be responsible for the differences between
human and sponge OAS genes, at least some of the intron
positions should be conserved (Rogozin et al. 2005). Fur-
thermore, the reason of the observed similarity of intron
phase patterns (Fig. 3) would then remain elusive. Thus,
our findings with the sponge OAS genes underline the com-
plexity of the evolution of intron—exon structure of eukary-
otic genes. Anyway, the proposition of a direct common
ancestor of sponge OAS with the respective vertebrate
enzymes that was emphasized earlier (Schroder et al. 2008)
has been rendered improbable in the light of the obtained
results. When more OAS genomic sequences from different
eukaryotic lineages become available, the detailed phyloge-
netic relationships in the evolutionary history of OAS genes
could be established. Our data are in accordance with the
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Fig. 7 Alignment of sponge OAS proteins. GeoOAS1Aa (EU856090)
and GeoOAS1Ab (EU856092) were isolated from individual 1. The
database sequence Y18497, termed here as GeoOAS1Aa’, was used to
illustrate the variability of GeoOAS1Aa. SubOAS1Aa and Su-
bOAS1Ab correspond to database entries AJ301652 and AJ301653,
respectively; SUbOAS1Ac and HalOAS were taken from Miiller and
Miiller (2003). LubOAS sequence was published by Schrder et al.
(2008). OASs from O. carmela and A. queenslandica were deduced
from the database analysis. For O. carmela, only OscOASI1Aa is
shown. Lub L. baicalensis, Hal H. panicea, Osc O. carmela. One rep-

early radiation of the OAS genes, on the basis of each of
which new characters have evolved independently of the
others.

As in higher organisms, the OAS genes in sponges have
duplicated and diverged. In contrast to mammals, where
OAS paralogs are clustered together in a single locus
(Eskildsen et al. 2002; Mashimo et al. 2003; Perelygin et al.
2006), the repertoire of OAS family in A. queenslandica
has resulted from several independent gene duplication/
diversification/deletion events of a common intron-contain-
ing ancestor. The protein sequence identity analysis shows
that the most ancient one has apparently led to the localiza-
tion of AmpOASIA and AmpOASIB/AmpOASIC in

L

» {7 et

HD; DGl

welpegens

resentative from each OAS type is fully presented; for other represen-
tatives only variable positions are given by amino acids. Identical
amino acids in the other representatives of the OAS type are marked by
asterisks. Missing amino acids in protein variants are marked as “-”;
other gaps are marked as “~”. The alignment is shaded on the basis of
the position conservation. Arrows indicate the positions of introns: ar-
rows in black boxes indicate the intron positions that are conserved
through OASs from G. cydonium and A. queenslandica; arrows in
gray boxes indicate the introns in conserved phases; arrows in white
boxes indicate non-conserved intron positions

different loci. These AmpOAS]1 genes of different loci are
the most diverged ones in their primary structures, as well
(amino acid sequence identity of about 25%) (Table 3).
Thus, contrary to mammals (Perelygin etal. 2006), the
multiplicity of sponge OAS genes has not arisen from the
expansion of gene-wise cis-duplications in a single locus.
In other sponge species, analyzed in this respect, we pres-
ently know of only more recent duplication events (e.g.,
GeoOAS1Aa and GeoOAS1ADb, amino acid sequence iden-
tity of about 90%; OAS sequences from S. domuncula in
GenBank with amino acid sequence identity of about 95%)
(Table 2A, B). Taking into consideration the case of A.
queenslandica, we can also expect the presence of more
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Table 4 Inter-species comparison of sponge OAS protein sequences

GeoOAS1Aa"  SubOAS1Aa LubOASIA HalOASIA OscOAS1Aa  AmpOAS1Aa AmpOASIBa AmpOASICb

GeoOAS1Aa" 1 0.280 0.268 0.283 0.187 0.286 0.229 0.219
SubOASI1Aa  0.441 1 0.332 0.378 0.245 0.322 0.224 0.254
LubOASIA 0.403 0.504 1 0.404 0.199 0.330 0.248 0.251
HalOAS1A 0.442 0.551 0.552 1 0.225 0.360 0.244 0.280
OscOAS1Aa  0.286 0.352 0.302 0.347 1 0.222 0.197 0.214
AmpOASIAa 0.434 0.509 0.471 0.505 0.336 1 0.219 0.227
AmpOASIBa 0.393 0.422 0.389 0.390 0.342 0.362 1 0.482
AmpOASICb 0.372 0.434 0.390 0.403 0.319 0.385 0.629 1

The abbreviations are given in the legend to Fig. 7. The numbers above the diagonal indicate identities of the protein pairs, the numbers below the

diagonal represent similarities of protein pairs according to BLOSUMG62

diverged OAS sequences in the genomes of other sponges.
The data obtained so far do not refer to the possible expan-
sion of the OAS gene family in sponges by domain cou-
plings to produce the multidomain genes as it has occurred
in mammals (Kumar et al. 2000).

The OASI gene is presented in G. cydonium in at least
two genetically linked versions, both being expressed in the
sponge. We demonstrated the tandemly duplicated arrange-
ment of the OAS1 genes in the genome of G. cydonium
(Fig. 4). However, the analysis of the intergenic region
amplified in this study did not unambiguously reveal the
presence of both gene versions in the tandem repeat; the
GeoOAS1Ab gene could reside in another locus, as well.
These data taken together with the cDNA data (at least two
subvariants of GeoOAS1Ab in the same individual; data
not shown) may indicate that the total copy number of
OASI genes in the genome of a single individual of G.
cydonium may be higher than that revealed in this study.

In addition to the presence of at least two GeoOAS1 ver-
sions in the same individual, the inter-individual differences
in each gene version was observed (Table 2A). A similar
small heterogeneity on the cDNA level has also been dem-
onstrated for OAS from some other sponges (Table 2B;
Fig. 7 for S. domuncula and “Results” for O. carmela,
respectively). However, there is no data indicating whether
the three different OAS sequences from S. domuncula
belong to the same or different individual(s). The data for
O. carmela were obtained from the analysis of an individ-
val specimen of O. carmela bearing densely brooded
embryos and larvae of all stages (Nichols et al. 2006). Con-
trary to these cases, our study allows for differentiation
between the heterogeneities present in the same sponge
individual (GeoOAS1Aa and GeoOAS1Ab) and the inter-
individual heterogeneities (e.g., GeoOAS1Aa from individ-
uals 1 and 2).

For the assembled genome of A. queenslandica, Degnan
(2007) predicted 15-20,000 gene models which should also
include AmpOASIA, AmpOASIB and AmpOASIC. The
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analysis of AmpOASIA, AmpOASIB and AmpOASIC
genes revealed high heterogeneity of each of them which
could not be explained by clustering of corresponding
genes, as not more than two OAS genes are tandemly
arranged in A. queenslandica.

Two alternative hypotheses may be proposed: (1) either
the observed sequence variability is derived from a multi-
plicity of genomes present in genomic DNA derived from
embryos and larvae from one adult (Degnan 2007) or (2)
OAS loci in the sponge genome are repeated several times.
If we propose that every alternative copy of OAS versions
in A. queenslandica belongs to a different individual, we
can estimate the genome size to be <200—400 Mb (on the
basis of OAS loci described in this paper, as well as of the
independent loci chosen from BAC clones). At the
moment, the dataset of A. queenslandica is interpreted as a
100-120 Mb genome with more than 12-fold coverage,
represented by more than four haplotypes (Degnan 2007).
We can get similar (about 12-fold) coverage of assembled
loci only by summing up all loci variants observed, i.e.,
considering the variability of an OAS locus solely as a set
of haplotypes. In this case, the inter-individual variability
of OAS genes is very high, including the presence/absence
of tandemly arranged OAS duplicates, altered splice sites
etc.

So far, very few experimental data are available about
the size of sponge genomes. Mirsky and Ris (1951) gave
the value of 0.11 pg/cell of DNA for Dysidea crawshagi.
Imsiecke et al. (1995) estimated the value of 3.7 pg DNA
per cell for S. domuncula (genome size 1,809 Mb) and
33 pg DNA per cell for G. cydonium (genome size
1,614 Mb). The latter values are in the same range with that
of the human genome. Miiller et al. (2003) predicted the
presence of approximately 300,000 short genes in the high-
dense 1,670 Mb genomes of both S. domuncula and G.
cydonium; in this case the sponge genome should be highly
redundant. Accordingly, we can suppose that a particular
OAS gene locus in the genome of A. queenslandica occurs
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more than four times per genome (Degnan 2007), whereas
the size of a repeat may be even larger than those assem-
bled by us for AmpOAS1A and AmpOAS1B/AmpOASIC
(23 kb and 39 kb, respectively). Ascribing the copies with
small mutations, e.g., point mutations in GeoOAS1Aa, to
inter-individual polymorphisms, the more variable individ-
ual loci could be assigned to genomic repeats, which have
resulted from large internal segmental duplications, well
described in Arabidopsis thaliana (Cannon et al. 2004).
Thus, the enormous individual variability is probably not
the case and together with OAS, a multitude of other genes
is repeated in the sponge genome. This concept does not
contradict our experimental results which demonstrated
that both GeoOAS1Aa and GeoOASIAb reside in the
genomes of two different individuals.

GeoOAS1Aa gene versions in different individuals of G.
cydonium can be interpreted as different haplotypes. Fur-
thermore, we have treated a single sample (piece) from G.
cydonium as belonging to a sponge individual, which may
be an oversimplification. Following the view that any ana-
tomically isolated and functionally autonomous sponge is
an individual (Lieberkiihn 1856), a sponge individual can
be morphologically defined simply as a mass of sponge
substance bounded by continuous pinacoderm (Borojevi¢
et al. 1968). On the other hand, most sponges can be con-
sidered to be colonial organisms (Schmidt 1864; Hartman
and Reiswig 1973), each one of them having its own oscu-
lum. The application of genetic criteria in defining the indi-
vidual is also complicated in view of frequent fusion of
larvae during their development and of neighboring
sponges during their later growth, well demonstrated by
Gauthier and Degnan (2008).

The functional contribution of the two OAS1 versions
in G. cydonium is not clear at the moment. Gene dupli-
cates are generally assumed to be functionally redundant
at the time of origin (Lynch and Conery 2000). It is possi-
ble that some (or most) of sponge OAS genes are just
pseudogenes with only one/several OAS version(s) being
functional. The occurrence of pseudogenes could explain
the changes in the sponge genome, leading to the
observed divergence of OAS gene types/versions. The
opposite hypothesis about the equivalence of the genomic
copies of sponge OAS in terms of functionality is also
attractive. The polymorphic nature of sponge OAS could
be directly related to its high-affinity RNA binding prop-
erties (Piri et al. 2007). Hence, the particular versions of a
sponge OAS may be pertinent to bind corresponding spe-
cific RNAs (e.g., tRNAs, bacterial and/or viral RNAs
etc.), which may be present in the sponges thereby partici-
pating in the innate immune responses. However, knowl-
edge of the pathways involved in the innate immune
system of invertebrates, and more particularly of sponges,
is imperfect at present.

Taken together, the different OAS gene structures in
sponges and those in higher vertebrates are concurrent with
differences in the primary structures and functioning of the
corresponding proteins. Thus, the sponge OASs cannot be
considered as true orthologs with the mammalian genes.
When combined with the earlier studies of enzymatic char-
acterization of the proteins, these findings allow us to con-
sider the sponge OASs as a clearly distinct subgroup of 2-
SA synthetases. From the evolutionary point of view, our
results suggest that the last common ancestor of vertebrates
and sponges already had several OAS genes which were
further subjected to independent evolutionary scenarios
leading to their deletions, duplications (including domain
coupling) and/or modifications, keeping the elements of the
ancient exon/intron structures. On the other hand, our
results predict the presence of OAS ancestors in unicellular
and colonial progenitors of metazoans, the genomic struc-
tures of which would give us valuable information for a fur-
ther understanding of the evolution of this unique enzyme.
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ELECTRONIC SUPPLEMENTARY MATERIAL

Supplementary Table 1. Statistics of GeoOAS1Aa and GeoOAS1ADb differences

Exon Length Mutations
No GeoOAS1Aa | GeoOAS1Ab | Point mutations Syn | Indels | Ts | Tv | All All/
in codon position Length
1 2 3 (%)
1* 23 23 1 0 0 0 0 1 0 1 4.3
2 68 68 0 1 5 5 0 5 1 6 8.8
3 133 133 3 4 1 1 0 6 2 8 6.0
4 250 247 2 4 6 4 1 8 4 13 5.2
5 58 58 1 3 0 0 0 4 0 4 6.9
6 137 137 1 1 3 3 0 4 1 5 3.6
7 51 51 2 0 1 1 0 3 0 3 5.9
8* 198 198 2 1 2 2 0 3 2 5 2.5
Total 918 915 12 14 | 18 | 16 1 34 | 10 | 45 4.9
Intron Length Mutations
No | GeoOAS1Aa | GeoOASIAD | Length** | Indels | T | Tv | All All/ Ts+Tv/
s Length** Length**
(%) (%0)
1 50 42 43 1 010 1 2.3 0
2 178 174 158 7 1] 2 19 12.0 7.6
0
3 66 67 67 1 1 1 3 4.5 3.0
4 55 62 53 2 113 6 11.3 7.5
5 53 51 52 1 2 13 6 11.5 9.6
6 59 60 60 1 312 6 10.0 8.3
7 186 187 187 1 210 3 1.6 1.1
Total 647 643 620 14 1| 11| 44 7.1 4.8
9

* - statistics based on the partial primary structure

** - contiguous stretches of nucleotides missing in the other gene (according to the alignment
in Fig.1) are treated as single indels and added to the number of aligned nucleotides

Ts, transitions; Tv, transversions



Supplementary Table 2. Specification of genes in two OAS loci in A. queenslandica

Locus A
Gene Orientation | Title Method EST Protein homology
numbe
r
1 + Iqcd EST CABF10427 | Score 199 bits to XP_001636992
initiated predicted protein [Nematostella
gene vectensis],
prediction NEMVEDRAFT v1g93943,
containing [IPR000048 1Q calmodulin-
binding region
2 - Gats EST CAYI10006 | Score 232 bits to XP_001636192
CAYT10007 | predicted protein [Nematostella
CABF7938 vectensis),
CABF13842 | NEMVEDRAFT v1gl163533, 213
CAYI11437 bits to NP_109644 opposite strand
CAY13490 transcription unit to Stag3 (GATS)
CAYI3848 [Mus musculus)
CAYI8152
3 - TYWI1_ EST CABF20485 | Score 713 bits to XP_001188746
Radical_SAM+ initiated CAY12711 PREDICTED: similar to radical S-
Wytosine form gene adenosyl methionine and flavodoxin
prediction domains 1 [Strongylocentrotus
purpuratus)
4 + AmpOASIAa Gene - Score 190 bits to CAC82933 putative
prediction (2-5)A-1 synthetase [Suberites
domuncula]
5 + AmpOASI1Ab Gene - Score 190 bits to CAC82933 putative
prediction (2-5)A-1 synthetase [Suberites
domuncula)
3 - TYWI1_flavodoxin CAY15477
6 - Protein 117 aa EST CAYI3012 No evident homology
7 - ORF 839 aa ORF - Three non-contiguous hits (Score 76,
38 and 71 bits, respectively) to
XP_001642127 predicted protein
[Nematostella vectensis],
NEMVEDRAFT_v1g237807,
containing BTB/POZ domain in C-
terminal region
>Iqed

IGSYEESRVILYPSQKKLSSVESQRVMTVAKETRRKAEAALLLIPHLYDHLDRFAVTMGTELVARIREYHYLSEEYE
RCYESLIENEIEPDFATSRSKSSLPDHKLEPISSNMSPEELQIRFFSLQQQLRDLTRTLLRELQKCPSLDAIAKEVKGPV
PPRVDNVIGQLGEVVRLMEETLLTTHEEEVKRNEYLSIISERRQVAETEIASLQSELQHARNDLNKEVQKREDHRKK
LIHEIRVVDKLAKEVQKKIEDDTNKQEANSQKLHDGQVSKANEEIGILKKTLLEAKAANKEIESQLRKKSFKRETEA
DNWIQKYDNEIGDLQNELETLTEEFTEEKKQVKEIGERLEILSIEYDAVVKEQEEERKKAEEAQQRLASMVRAATQI
QSCWRSYKIRKMFSKDAKKGGKKGKKGGKKGGKKGSAKKKKA

>Gats
MSVRPALHLLPLELRIASIGKDDLPSFTYPLLQMTLGLLGQQSSCRQNHFFSFTETKNDYSLILDNELFKELIQFPGSE
ALQVAPESWRPLTIEVGAFGSLTGISKLVASVIGPLADEGVSVFCLSTNQEDY VMVKEKDLYKAMTCLHPCFKLLAE
LEQDVQLIENFSHDNVTNQIKNDLNYIELPSPRSITHPFTCTASKFHVCSILPSTLPSIAQPLLQLMFYNTRSDDVFLSL
SIISDDISMVLDARDIDKFPEDSVYSSEAY WKVITIGDGPLGFDECGIVAQVAAPLAQADISTYYICTFYNDHTLVPEG
SVTKALQLLNKYLMSSKVDNSSSPVSVGSLNGLTHPPSQFRTEPLPRLPLTNPVA

>TYW1_Flafodoxin+Radical SAM-+wytosine_form
MATTPYLFVDVFLDISKEINLSLLFICFIVLLASFYWLYRRPSFPSKVKRTGPLSVRVLYASQTGMGKRFAEQLMSEIK
SRGFHSSVSDVSHIDPDEEFTTPELSPCTLY VFLISTYSEGFPPDSARWVFQWLRESVDDCRVSKSLLSGLCFAVFGCG
NSLYKDHYNTAAKNLFDWLVQLSAKSVCQLGLGDANVSQSEHGGLSNDFAAWKNQFLESLERLRNESDENRTKA
SDHNSKFYSNQNGNESRQDGSESLRGVSYEEDLDGSSTDDEGVGSEDDVVDVEDIGDMMVKMKKASADNKRQNE
KKKREMVTPEIRQSLTKQGYRIIGSHSGVKLCRWTKSMLRGRGGCYKHSFYGIESHRCMETTPSLACANKCVFCWR
HHTNPVGTEWVWPMDGPERIAQEALANHYQMIKEYRGVPGVRGERLAEGMKVKHCALSLVGEPIMYPEINKLIGL
LHEKKISTFLVTNAQFPDAIRTLSPVTQLYVSVDASPKESLKKIDRPLFKDYWSRFIESLKALPDKGQRTVYRLTLVK



QWNTDELEGYAELVSLGQPDFIEIKGVTYCGESKASSLTMANVPWHDEVLTFVKELADLLPDYEMACEHEHSNCV
LLSHRKFFIDGKWHTWIDYDKFHELYNDTAGSKSFTALDYMAVTPSWSLIGSAERGFDPGETRWTRKSKRKAESGC
>AmpOAS1Aa

MEFPRDTCEDIPCKRNGVRQYLKEDTRLTPAEIIKGGSLGHGTAIPGDFDLDLVLY SRDIDPEVVLEIGVDNILDRLD
VFLRRRLPEAYVHVKKTSFSLQFKLNGVIDVDLLPSPYWGEDPDQFHRFLEEKGEKERMNFSCSAAKWQVKFFKEQ
PNEVKEYIKRFKAWRNLHWPKGQDAVGRPKSYLLGLLMIRAYEKSKDKSIHIKWNDGYYDWTYRLTREEFQSLLG
NRFTLISSSNGVDVVYDNKQQRQRNYYPQKVPSILDVANPFNDVY VSGIGNYHCKDPQGSFHPGTGKWSPLVGKID
TFSLSKPLEYYNN

>AmpOAS1Ab
MNKLTKNSQGHEDFPCKRKQYLKEDTRLTPAEIIKGGSLGHGTAIPGDFDLDLVLYSRDIDPEVVLEIGVDNILDRLD
VFLRRRLPEAYVYVNKTSFSLQFKLNGVIDVDLLPSPYWEDPDPFHRFLEGKDKKDKMNFSCSAAKWQVKFFKEQP
NEVKEYIKRFKAWRNLHWPKGQDAVGRPKSYLLGLLMIKAYEKSKDKSIHIKWNDGYYDWTYRLTHEEFQSLLG
NRFTLISSSNGVDVVYDKKQQRERTYTPAEVPSILDVANPFNDVYVSGIGNYHCKDPQGSFHPGTGKWSPLVGKIDT
FSLSKPLEYY

>Protein_117_aa
MNNTTNGDFLQDVESFLYTPLGLGALAGATALLTSCLWLICCSVACCCIKWRNKRRESGTIEAGADLKYMTCTEFR
PPHYSSATSTENGYHSNAGTLSSLNRHDALAIHSSMDAILN

>0ORF_839_aa
NINGKAVLSRAGGIELLTQCLAEQENKGEKEKGQSSLIIDALCHCCRDVHGRQKVRECGALQVLINLLQSKDHSSFH
HDILSALICYYFDEQTLQFMIRRLGLIKALLYHLKKGIKEEKDEGRREEREHNEEGEVRKMRKRKKRDQKGGRLVK
RLRQQDDPDIFLKNEESFGSVEKSPGSSTKGSEDDINIDEGSGVDIEGDSLDEASDCNEEEHPIVKKSKRKKNEAKKK
LSDQEKPSNSNNDLPTGTYHKDTEPPSKKLSRTISDEESTSSLYYLSPPYNMEDSGGGRGSFSPTRETDLAHSPLFEKL
SPLLNINEDEASSYSATSPLSKGTFSPSCQAALEANNTLSSPVPTNFIDSLLSPTSCSPVAPSKTIKRSSSHEIGSNHSSSP
HSKVLLLLSRVSHLHDCQPILASVDVLSVIMDYYLTMNLKDGHCFKVLSRLFSNPHCFQDCLVTLAPSMCFHHMIM
TDDNGGVTNAQCNATSYDRRIATSNTQSTSYQRAMGYPSPPIGDLSHSICHKMLTEYGGLHNLLCLSKGQLLTTQCS
CSQNTSTIEDTELKELTPSPPLPSSKVSDQETLTQLMAIDTLLYLGSQYRKCPSRKRRHSAIERRSSATLPLPIKAGTISP
PPLSSPLCLYRDFDHWPFDTCIILDDGTMFPVHRRVLVESSEVFSVMLSGCYKESTDSSVSLHSVCPSSFRSLVHHAY
GCGSHCWGRVSEKEAIDEHYDDEVIDEIVASIKEKEGQERGKHLLRVLISANQFFMCSLLTAAQESFMLYLSPKNVT
PLFLFSQLHQCSLLSDATVQLLVGRGPGFCQSESFLRLVRSIECDEFLSTITTVFHQK

Locus B

Gene Orienta- | Title Method EST Protein homology

number _[tion

1 H PDHElalpha EST CAYT10060 Score 495 bits to XP_001175746
CAYI13314 PREDICTED: similar to Probable
CAYI15926 pyruvate dehydrogenase E1 component
CAY110023 alpha subunit, mitochondrial precursor
CAYI5668 (PDHEI1-A) [Strongylocentrotus
CAYI12776 purpuratus]
CABF10208
CABF8701

2 + ORF_714_aa_ EST and CAYH3434 Score 134 bits to XP_420641

Ank_rep ORF PREDICTED: similar to ankyrin B (440
kDa) [Gallus gallus]
3 - DUSL Gene - Score 400 bits to XP_00169015 predicted
prediction protein [Nematostella vectensis],

NEMVEDRAFT v1g199771, containing
Dihydrouridine synthase-like (DUS-like)
FMN-binding domain. 371 bits to
XP_001231915 DUSAL [Gallus gallus]

4 + Protein_84_aa EST CABF15249 Score 48.9 bits to ABK26429 unknown
CABF11028 protein [Picea sitchensis], 40 bits to
CABF16022 NP_565726 expressed unknown protein
CABF26945 [Arabidopsis thaliana]

CABF11133
CABF19932
CABF22767
CABF10631
CABF17790
CABF26711
CABF6815
5 - ORF_707_aa_ ORF - Score 151 bits to XP_001184164
Ank_rep PREDICTED: similar to ankyrin
2,3/unc44 [Strongylocentrotus purpuratus)
6 + ORF_702_aa_ ORFs - Several ORFs with ankyrin-related
Ank_rep matches, the longest ORF - 702 aa, Score




251 bits to XP_001649474 ankyrin
2,3/unc44 [Aedes aegypti]

7 + Acat2 Gene - Score 537 bits to XP_001630395 predicted
prediction protein [ Nematostella vectensis)
NEMVEDRAFT_v1gl69195, acetyl-CoA
acetyltransferase; PRK07491

8 - PITRM1 EST CABF23656 Score 838 bits to XP_001638709 predicted
initiated protein [ Nematostella vectensis],
gene COG1026 Predicted Zn-dependent
prediction peptidases
9 + AmpOAS1B Gene - Score 140-141 bits to CAC82934 putative
(variants) prediction (2-5)A-2 synthetase [Suberites
domuncula)
10 - ORF_678_aa ORF - CDD hit 38.8 bits to smart00256, FBOX,
A Receptor for Ubiquitination Targets
(Pssmld 47585)
11 - PITRM1_ EST CAYI2358 Score 197 bits to XP_001181181
truncated initiated CABF1823 PREDICTED: similar to Pitrilysin
gene CABF15589 metalloproteinase 1 [Strongylocentrotus
prediction purpuratus] (stop codon in exon 6 leave

protease domain incomplete; 3'-terminal
parts of ESTs are PITRM1 non-related

12 + AmpOASIC Gene - Score 159-162 bits to CAC82934 putative
(variants) prediction (2-5)A-2 synthetase [Suberites
domuncula]
13 + Aldo/ketolase 2 | Gene - Score 306 bits to XP_001608172
prediction PREDICTED: similar to CG18547-PA

[Nasonia vitripennis], Aldo/keto reductase
superfamily member

14 - Aldo/ketolase 1 | EST CAY19950 Score 301 bits to XP_001195433
initiated REDICTED: similar to
gene ENSANGP00000008370
prediction [Strongylocentrotus purpuratus],
Aldo/keto reductase superfamily member
15 + Coiled-coil EST CAYH6884 Score 105 bits to EDL30030 coiled-coil
domain ATPase | initiated CAYHI1726 domain containing 21, isoform CRA_b
gene CAYH4066 [Mus musculus], containing conserved
prediction domain Smc - Chromosome segregation
ATPases [Cell division and chromosome
partitioning]
>PDHEIlalpha

MAALIRGVRNLLPRGLVVARCASSSAEFSIPEYKLHKLDSGPSTTTTITRDELMKLFRDMTVIREMETEAKNLYLKKI
IKGFCHLYIGQEACAVGMEASITKDDPVITAYRAHGWTYTRGIEPLGILAELTGKKSGCAKGKGGSMHMYAPNFYG
GNGIVGAQVPLGAGIAFELKYNNKDNICITLYGDGAANQGQVFEAYNMAALWKLPVIFACENNRYGMGTAVHRSS
ASTDYYTRGDYIPGVYVDGMDVLAVREATRWAKEYILAGNGPLVMELDTYRYYGHSMSDPGKSYRKTEEVQQFR
KEKDPITTATRYLIQGDLATEEELKEIKKSVQADIKKAVANAISDTELPLEEMYTDIYTSTPEFMVRGCDPFTWGKSE
RA

>ORF_714_aa_Ank_rep
IATPPLPLSMSVSGSSSPVLSVSLLLSKLLPVVDWEVLGLHLNIPKHELEKIRRQFFHEGVERCKAEMLDLWLKTSNE
EALHWNVISDALTKMRGLEELAQQIRTMGPSQEERMSQEEATLSSEESPVTKVEFQFKKLDLKLFSKLESKFAKLVS
DILQELKSRGVSVNELHSY VKIRLELKSSSSPQSLDELLLDKLKPYYCLTNLTLIDNIICEFLDGSKIQENLEEYEKQLE
SFKTSAKMEELVDHMTSSLEGKGEEGTVSVVLKLEGSWLGVTLKHFQQLVEEIFLERSCCFNHIQVKRGCICVSMIV
PEAMTSSLVSLAKQRIEFINTIGIIRLAIGGNEIMDKEEEKDEASFSQYLMRGVLQEKIDVVRFILSLDGLGLADTISPCI
EEAVESGNIQILSMLLESGGDPNFIGNKGLTPLQTASKQGHVTIVNKLLQYKADPNQDGVSGWTALMIATEKNNTSII
ELLIKAGANLNAKMVHGWTPLMLACAYNFPALVSILLKAGADPNIRTIKWAAVHSAASKYEDPSILIDLAESGVNL
NAVTGAGATPLILACQVNFELTINVLLNYKVSLDSQTRSGYTALMAAVCNKSVSIVESLLSAGANVHIADANGQTA
LDWALDSGHPEITELLLVYMGDMPATPLKAPSSAPSVTLVPEDIEVHIPSSSSAILELRDALENPLPPQGTSLKHKSSK
EEKEKSRNTTAY

>DUSL

MAEREEENAKNIMDLFQPGAVVRMCAPMVRY SKLPFRKLVRRYGTQVAFTPMIVSESFVRSQKSRDVEFTTDPLDD
RPLVAQFAANNVEDFSRASQLVSPFVDAVDLNCGCPQRWAMEEGYGSYLITRPELVCDMVRGAKRVAGIPVSIKIR
IHEDLRETVELARRCEVIGLSWLTVHGRTVKQRAEPVNLSAIKLIKESVHIPVIANGDVRNESDINRTVQETGVDGV
MAARGMLQNPAMFGGYDETPIECLEDWVDISLRSGLTFTSFHHHCMYMLERVQAKTERRVFNTLNSTPAVLEFLK
HHYNIQHK



>Protein_84_aa
MASQKWISRPEKPPEKWATIDRSNAIEAWGRMRETTNQHFKFTPRTTAYCVIWALLVPIGIWKIIKWERQYKDRAK
GRPPKDLF

>ORF_707_aa_Ank_rep
SYKRMSEVTKVSLPLLLSKLLPVVDWEVLGLHLNIPKHELEKIRRQFFHEGVERCKAEMFDLWLKTSNEEALHWNV
ISDALTKMRGLEELAQQIRTMNPSQEEMKDRVDSVASKSIQQATLVNLSVKVQKPCLKRFSQLESKFAKLVSDILQE
LKSRHVSVNEFHSY VKIRLELKLSSSPQSLDELLLDRLKPYYCLTNLTLIDNIICEFLDGSKVQENLEEYEKQLESFKT
STKMEELVDHMTSSLEGEGEEGTVSVVLKLEGSWLGVTLKHFQQLVEEIFLERSCCFNHIQVKRGCICVSMIVPEAM
ISSLVSLAKQRIEFINSIGIIRLAIGGNEIINKEEEKDEASFSQYLMRGVLQEKIDVVHFMLSLGGLGLADTISPCIEEAV
ESGNIQILSMLLESGGDPNFIGNKGLTPLQRASKQGHVPIVNKLLQYKADPNQDGIDGATALMLASNFDHFGIVEQL
LSSGASVNKTMFDGWTALMFACDQNHLQIVKRLLQSGANPNVLTHSSKCSPVYFASSKNNNPSMLLTLIETGADINI
ATETGVTPLIIAAQFGFEAIVSVLLSHKALLDCQTHHGFTALMAAAHKGHVDITESLLLAGASTHIADNNGRTALEW
SLQSEQHEITQLLLMNVGDVIDESDHAYNAEYQYGGKRISEDISSPKLHPSIIKLREAMRKPPLSEDTGQKHRHAIRW
NNEHLVKK

>Acat2
MSLERGVFIIGAARTPVGSLNGSLSSLSAHQLGSTAITAVLERAKVLPEKVSEVLVGQILTAAQGQNPARQAAMLSGI
PKEVPSTSINMLCGSGLRTIAMGYQSILVGDADIVVAAGQESMSQAPHAVHLRSGVKFGDASLTDTMMKDGLTDAF
HNYHMGQTAENVAKQYGISREEQDRFAVSSQNKTEESQKNGVFKDEIVSVEIKTRKGPVTVDTDEFPRHSTTIEGLA
KLKPAFVKDGSGTVTAGNTSGINDGAAAVVLASKEAIDGLSCSLPLARIVSWAQCGVDPQIMGMGPVPAVSKALQ
KAGWNKDDVDLFELNEAFAAQSLAVVKELNIDEKKVNVGGGATALGHPIGASGCRILVTLLYALKRVGGKRGVAS
LCVGGGMGIALCIEMC

>PITRM1
MAAQLFSAPRLLSRRRRLIHLNNTVFNSTRREDVSKLSVAINDRISGYRVTGVTEVSDFNLKAIELLHESTKAQHLHL
SRPESNNVFGVGFRTTPMDSTGISHILEHTTLCGSAHYPVRDPFFKMLTRPLATFMNAFTANDWTFYPFSTQNYNDY
RNLLSVYCDCVFHPNLKKMDFHQEGWRLEHEDPNDRNTPLVFKGVVFNEMKGMFSNAEYLFDTELQRKLLPSHTY
SHVSGGAPLNILDLTWDSLKEFHAKHYHPSNSYFYTYGDIPLSDHLSFIDENVLSKFSVSTPAAAIPLEARWNQPRSH
EITYCAPDPMAPDPNKQTTVGVAYLLGPITDSYEGLLLSILTKLLIDGAASPFYQSLIDSNIGSDYSPSTGYNDGTKDSY
FSVGLQGISTEDAEKVKQIITETFHKVYQEGFPEERVKAILHQVEIGLKHQSSNFGLALLMHFITPWIHGASPTSLLQI
NQNVENFKDHMANDPNYLKEKIKEYFIDNKHNLTLVEYNKKQKELEEEKLRLLVSSLSEDDKQRVYDEGLQLQED
QNKHQTSDCLPSLSVADVDKTTPITELIHEDHGSIPIQY CVQPTNGISYLQFLSSCRDLPDDLKPYLPLFCSVITKMGT
QDLDYRQLSQQIDLYTGGSVCVGTHVASHHSIPNQFEQTFSTSNKLPQLFQVLSLSLILCSRPQLQDEQRLQTLIAME
ASSLAVNVSRSGHRYAMTASASSLSPAAMMAEKYGGISQVLIHRSIHAFNVTEPQFTVASEAAEGFLDNLPGSITDTP
LFMEEGTFTPTLSHTHYQLPFQVYYVGQSYRTVPYTHEDSPSLRVLAQLMGWKYLHKEIRYSLVVSCFVLNKQFLE
GDPHSLDTVNRFNDSIDWVTSRSFTDEDVEEAKLSVFSQ

>AmpOAS1Ba
MAASQLMASCVSLLRHVVLFIVIENVLAMQPFRAHLHKDAGIVVSEIIQGGSLGQGTCVPMKFDVDLVIFSKSITHE
MISNPDKRKEILTKVQQCLIRRLKRNYVDDKMTQNSVQFKYKHSPGHIIDVDVLTSPMWKSAGELSIYIAEHCPDQY
YHLSAGASKWQTDFIRHQMPRVKEYIKRAKYWKKSIDWSPGREPSSYLMSLLVIKASDLVGARHYFYICSVSWKIK
ELVKNHHTIDIQFQTEYMFTVEAPSQPRVIDPANVCNNLYETGFGKQGKRDEPQDFWNVFADKIEGLDLSIPIERLGP
LpP

>AmpOAS1Bb
MAASQLMASCVSLLRYFVLFIVIENVLAMQPFRAHLHKDAGIVVSEINEGGSLGQGTCVPMKFDVDLVIFSRSITHEM
ISNPDERKEILTKVQQCLIRRLKGNYVDDKMTQNSVQFKYKHSPGHTIDVDVLTSPMWESAGELSIYISEHCPDQYY
HLSAGASKWQTDFIRHQMPRVKEYIKRAKYWKKSIDWSPGREPSSYLMSLLVIKASDLVGEHLLACMEHYYCFAL
CSISEKIKELVKSHHAIEIQFQTQYMFTTEAPAQPRVIDPANVCNNLYETGFGKQGRRDEPGDYWDVFAKKIESLDLS
IPFERLGPLP

>0ORF_678_aa
KHVYSRVSGHRHCLDYRNPHHTMAEAEPCCKRLKFDVSFFDDESDDDFYHSEPPIDQSTANQLPLIEDEEYTNPFDS
LPNEVIQEICMMLSLRDKMSLRLVNRRLYMICSDPYLWRNVVIDDAYHKTNAPFIKSALQTCRPHVQSLSLRGELPF
SKYQRMILTCKNIHTLNLY GFQISFNALEKIHSGLHHLQFLSLTYIDQIPLSNDRFFIITAKLKKVALVYNNFEAEKLFE
KWLLNNCLPQIFIIISAHGKEYWSRSRNIHHLPNITHSAYFAAYRKFCQPLDFDFYDVPEYSLEIGPNSSESVAVTANG
KLMITMRDMITPINNDVNKRYAVFKDEAVTPGLSVYTSQYGVNITVLGFSSVTVSLESFRMIVKETPNILEVSLKGSII
SDSLDAYIVPLFVHCLKLRGLNVSCFSTSSRDSINFDMEHFWNLLSKMKYLESLSVDCCSLSPLTPNSQHDGRSARV
LTDRELAVKERVIGHIKRMTRLKSLY VIETIEIEELDYFINQHLLSMISNLESLLYLEINISYAADIASLYSCNMNFVEG
LERILQKCQKLSFLVINFTSVKAIELPVDPALYGNLTHLWLGCQHGPITVEFGSALAINSKKKLKHLLLGHRYFDIEL
DVLDKINEGNLITFYELGSDKCFYRHDRNTCKKRGKLSELDFYIGKFPFLH

>PITRMI1_truncated
MAAQLFSLPYVRRGIRLIHLSNPVFNSARREDVSKLSVAVNDRINGYRVTGVTDVPDFNLKAIELLHESTKAQHLHL
ARQDSNNVFGVGFRTTPMDSTGICHILEHTTLCGSAHYPVRDPFFKMLTRSLATFMNAFTANDWTFYPFSTQNYND
YRNLLSVYCDCMFHPNLKNMDFHHSIHHQ

>AmpOAS1Ca
MANPMPHVGTLSRGQVAQKVRLSIIAVRAVCSLLKQHFRTDSGIAVSEIVEGGSLGYGTY VPMKFDIDLVIYSTSLT
ADKLCDRDKRKKFLSDLQECVKVHLKGNYIADKMTENSVQFKYQFSPDNTIDVDVLISPMWGSPVELSQYVSKNC
PTEFFHLSAGAAKWQKKFMSHQTLRVKEYIKRAKYWSLTVNWEAIGGRKPTSYMMSLLVIKAAEPFEIHMKGRLR
QNFKKQLAKEITKNVKTLVKKFETIEILFDSDYPFPNALLPSPPRVVDPANICNNLYETGFGKLRRDEDSEKY WKKFA
ENIDTLDLSVAFEHRGFYSDVPAFGKSYQPKY



>AmpOAS1Cb
MANPMPHVGTLSRGQVAQKVRLSIVAVRAVCSLLKQHFRTDSGIAVSEIVEGGSLGYGTYVPMKFDIDLVIYSISLT
ADKLCDRDKRKKFLSDLQECVKVHLKGNYIADKMTENSVQFKYQFSPDNTIDVDVLISPMWGSPVELSQYISKNCP
MEFFHLSAGAAKWQKKFMSHQTLRVKEYIKRAKYWSLTVNWEVIGGRKPTSYMMSLLVIKAAEPFKIHLKGKLTR
YLRRQLPKDITENVKTLVKNFETIDISFDSDYHFPNALLPSPPRVVDPANICNNLYETGFGKLRRDEDSEKYWKKFAE
NIDTLDLSVAFEHRGFYSDVPAFGKSHQPKY

>AmpOAS1Cc
MANPMPQVGTLSKRQVIKKGKQSRRAVRTVCSLLKEHFRADCGIAVSEIVQGGSLGYGTYVPMKFDIDLVIYSTSLT
ADKLCDGDGRNELLLALQECIKIHLKKKYIEDKKTENSVQFKYQFSPDNTIDVDVLISPMWDDPVELSQYISRNCPN
EFFHLSAGAAKWQKQFMCQQTSRVKEYIKRAKYWSLTVNWEKVEGRKPTSYMISLLVIKATEDFKDRMTGKLGKS
VKRKLARRDWRQSSKNLLSLMILEIIFGSVFFESVSDFPIALLPPLPRVVDPANICNNLYKTGFGKLRRDEDSEKYWK
KFAENIDTLDLSVAFEHRGFYSDAPTFGRSYHPNY

>Aldo/ketolase 2
MEASCKLLYKEIGSTGLRLCCLSLGGSGYGGIYGEYDEKKAEEALRSSLDKGVNYIDTSPFYGEGRSESFLGRVLSR
VPRDKYYIGTKVGRYFWDVKKRFDFSRETILKGFEESLKRLQLEHVDILQLHDVEFAPSLDIIMNEALPAIQELKDKG
FCRAIGITGYPIGPLKETAHSHHIKIDSVLSYARLTLNDNSLKDHFDFFKSHGVSIINASPVSMGLLTSEGPQWWNPAL
PYIKDKCKEAVEYCNSKGVDITRLAVNYSTSFDEVVTTLVAISDTQMLDRNLSAVLSPMTEKEKKVAGDLEKFFSRL
PQRHWEGVELKEYWETNWKL

>Aldo/ketolase 1
MATASRSLPMLYRDLGRTGMRLSIVGLGGSGWGKNYGPYDEKEAVRAFHHALDRGVNYIDTAYWYAQGHSEKFL
GQHLLPTVSRDRYFIATKVGRYELDLPNMFNFTAERVTKSLEESLRRLQLSEVDIIQIHDVEFSLSVNQILHETLPALE
RLKEKGLCRHIGITGYPLGPLKEVISQSSVQIDSILSYCRLSLNDWTLKNEFQFFKENKVPIINACPVSMGLLTEGPVQ
DWHPSLPWIRDACNRAVQYCREQGVDITKLALHYSTSFEEAVTTLVSMCDTEMVDKNLDSALSPLTPHEEGVMQH
LLDNVFGDMTQRHWEGVELVSYWNATRK

>Coiled-coil domain ATPase
KEDKEKDTRPICPFSSPPSSLLLFEIIVQSSVPSLFRNCPSTEGIMSSQEESGSSLNNPSLHFPVPVTSKDATTPDEETRSL
QPPTTREQPQAVHESIPHKPPPTAKVAPLVGGSSSAAINITSQRSTTPHEGTSVVGTPRRKGNKLDVLSSSFSCVSLSPTR
TGGGSERSSPVKELLHADRVRNLMSLLTEKSQIIEKQKNTITRLQQDCKKKDSQLRLLTLPQANEGNVGGEANVGLS
APVKLDILSRKLDEAYYELEKAKSESDVMRDKISDKDSHISQLETDADRYKAKIKLLEDKIVKLEGYFGNTPTMEEH
YSMKEQVTELHSQNILLSERLREKEDKIMAQIDELRDKETTLKEMSINIRDLKQDNSDLRLQCETSDRRLVELHSDIS
QYKIELMKSKQQITDLEEKNRQDLRDMRERHKLRFQEATAKLKEQYKTVTKRNRQLELQLLKNSDVMTALNNELK
LSQGTVADLKSSFGDLVKQNQILMEKNYGLQEPPEVGRSGIVSVSPVSDGSDESLQALSQEVSQCVEEVDSLVSLAS
SIFEGKEPDMSLLLGGGATGNGDHKTDSELDPARKYEQQLTQVQKNRKEIERLREKVTDHFASKVANECHLQ
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2',5’-Oligoadenylate synthetases (OASs) belong to the nucleotidyl transferase family together with
poly(A) polymerases, CCA-adding enzymes and the recently discovered cyclic-GMP-AMP synthase
(cGAS). Mammalian OASs have been thoroughly characterized as components of the interferon-induced
antiviral system. The OAS activity and the respective genes were also discovered in marine sponges
where the interferon system is absent. In this study the recombinant OASs from several multicellular
animals and their closest unicellular relative, a choanoflagellate, were expressed in a bacterial expression
system and their enzymatic activities were examined. We demonstrated 2-5A synthesizing activities of
OASs from the marine sponge Tedania ignis, a representative of the phylogenetically oldest metazoan

Keywords:
2',5'-Oligoadenylate synthetase
Nucleotidyl transferase

dsRNA
Choanoflagellate phylum (Porifera), from an invertebrate of the protostome lineage, the mollusk Mytilus californianus
Porifera (Mollusca), and from a vertebrate species, a cartilaginous fish Leucoraja erinacea (Chordata). However, the

Protostomia expressed proteins from an amphibian, the salamander Ambystoma mexicanum (Chordata), and from a
protozoan, the marine choanoflagellate Monosiga brevicollis (Choanozoa), did not show 2-5A synthe-
sizing activity. Differently from other studied OASs, OAS from the marine sponge T. ignis was able to
catalyze the formation of oligomers having both 2',5'- and 3',5'-phosphodiester linkages. Our data
suggest that OASs from sponges and evolutionarily higher animals have similar activation mechanisms
which still include different affinities and possibly different structural requirements for the activating
RNAs. Considering their 2’- and 3'-specificities, sponge OASs could represent a link between evolu-
tionarily earlier nucleotidyl transferases and 2’-specific OASs from higher animals.

© 2013 Elsevier Masson SAS. All rights reserved.

1. Introduction

2’ 5'-Oligoadenylate synthetases (2-5A synthetases, OAS, EC
2.7.7.84) belong to the nucleotidyl transferase superfamily, being
grouped into a subclass of template-independent polymerases
together with poly(A) polymerases (PAP) and CCA-adding enzymes.
It has been proposed that OAS diverged from PAP and CCA-adding
enzymes at the beginning of metazoan evolution [1]. OAS became
2'-specific, catalyzing the formation of 2’,5’-phosphodiester link-
ages instead of 3’,5’-linkages, and acquired the ability to initiate
synthesis from ATP without requiring a primer [1,2]. In contrast to

Abbreviations: 2-5A, 2',5'-oligoadenylate; cGAS, cyclic-GMP-AMP synthase;
dsRNA, double-stranded RNA; OAS, 2',5'-oligoadenylate synthetase; OASL, OAS-like
protein; PAP, poly(A) polymerase; RNaseL, latent RNase.

* Corresponding author. Tel.: +372 6204432; fax: +372 6204401.

E-mail address: merike.kelve@ttu.ee (M. Kelve).

0300-9084/$ — see front matter © 2013 Elsevier Masson SAS. All rights reserved.
http://dx.doi.org/10.1016/j.biochi.2013.10.015

constitutively active nucleotidyl transferases OAS needs dsRNA
binding for the assembly of its active site [3]. Recently a novel
member of nucleotidyl transferases, able to catalyze the formation
of 2/,5'-linkages, cGAMP synthase was identified [4,5] and its acti-
vation by DNA-induced structural switch was demonstrated [6].
Since their discovery mammalian 2’,5'-oligoadenylate synthe-
tases have been extensively characterized. In mammals they
comprise a part of the interferon-induced antiviral system. Upon
binding to dsRNA that may be of viral origin, OAS proteins undergo
a conformational change and become activated [3]. The enzymat-
ically active OAS polymerizes ATP into 2/,5'-phosphodiester linked
oligoadenylates (2-5A) with a general formula pppA(2’'p5'A),,
where 1 < n < 30. The 2-5A oligomers that have been synthesized
activate, in their turn, the latent RNase (RNaseL), which then de-
grades viral and cellular RNA and thus limits the viral infection [7].
Unlike many RNA-binding proteins, OASs do not possess a
typical RNA-binding motif [8]. They are able to bind different RNAs
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but there is no correlation between binding affinity and the ability
of the dsRNA to activate OAS [9]. By testing a pool of short dsRNA
molecules with specific sequences, a sequence motif essential for
the activation of OAS, NNWWNNNNNNNNNWGN, was proposed by
Kodym et al. [8]. With certain assumptions, the decisive features of
this sequence are in accordance with the most commonly used
in vitro activator, synthetic poly(I)- poly(C) [8]. Recently published
crystal structure of human OAS1 in complex with dsRNA and dATP
revealed the activation mechanism of 2’,5'-oligoadenylate synthe-
tases. dsRNA binds to the protein surface at the junction of the N-
and C-terminal lobes and induces a major conformational change in
the N-terminal lobe of the protein. The rearrangements narrow the
active site and bring together the catalytically important aspartate
residues to enable substrate binding [3].

The 2'5'-oligoadenylate synthesis was first described in
interferon-treated mouse cells [10]. A few years later, partial cDNA
corresponding to 2/,5'-oligoadenylate synthetase was cloned from
human cells [11]. The human oligoadenylate synthetase family
consists of four genes encoding four types of proteins with different
isoforms — the small form (p42/p46/p48, OAS1), the medium form
(p69/p71, OAS2), the large form (p100, OAS3) and the oligoadeny-
late synthetase-like protein (p59, OASL), which contains C-terminal
ubiquitin-like domain [7]. The murine OAS gene family was shown
to include at least 11 genes encoding the four different types of OAS
[12,13]. Thereafter 2’,5'-oligoadenylate synthetase gene families
from other mammals (horse, rat, cow, pig and dog) were charac-
terized [14,15]. A single 2/,5’-oligoadenylate synthetase gene (OASL)
was found in chicken [16]. OAS genes have also been cloned from
evolutionarily lowest animals, marine sponges Geodia cydonium
[17], Geodia barretti [18] and Suberites domuncula [19] and a
freshwater sponge Lubomirskia baicalensis [20]. However, the me-
dium (OAS2) and large (OAS3) isoforms are only present in mam-
mals, while small (OAS1) isoform and also OAS-like proteins (OASL)
are widely distributed [21].

Continuously growing genomic and EST databases give us a
chance to identify new OAS genes in various organisms while the
fully sequenced genomes allow us to conclude in which organisms
the OAS genes have been lost during the evolution. As an example,
the sequencing of the elephant shark (Callorhinchus milii) genome
revealed the presence of the OAS gene in this organism [22]. Pu-
tative OAS genes are also present in genomes of two other carti-
laginous fish species, dogfish shark (Squalus acanthias) and little
skate (Leucoraja erinacea) [21]. Three sequenced teleost fish (two
pufferfish species Takifugu rubripes and Tetraodon nigroviridis and
zebrafish Danio rerio) have evidently lost the respective genes [22].
No OAS genes have been found in the sequenced genomes of insects
Drosophila melanogaster, Aedes aegyptii, Anopheles gambiae, Apis
mellifera, the nematode Caenorhabditis elegans and the frog Xenopus
tropicalis [21]. Based on bioinformatic analysis, the presence of OAS
genes was predicted in several other evolutionary branches of
multicellular animals (phylums Chordata, Annelida, Mollusca,
Cnidaria) as well as in unicellular organisms, the choanoflagellate
Monosiga brevicollis and the green algae Chlamydomonas reinhardtii
[21]. Search for oligoadenylate synthesizing activity has previously
also detected 2-5A synthesis in reptiles but not in amphibians, fish
or insects [23]. To date, the OAS proteins with enzymatic activity
have only been cloned from mammals [12,24,25], a bird [16] and a
sponge [26].

In this study several previously bioinformatically predicted
2',5'-oligoadenylate synthetase genes from various organisms
throughout the tree of evolution [21] were expressed in the bac-
terial expression system to investigate their enzymatic properties
and to verify their belonging to the oligoadenylate synthetase
family of proteins. The salamander and little skate OASs were
chosen to represent the evolutionary branches of vertebrates

where the OAS activity had not been detected earlier. In the pro-
tostome lineage some branches have lost OAS genes and the
mollusk as a representative from this lineage with the OAS genes
preserved in the genome was of high interest. Furthermore, no OAS
activity had been previously demonstrated in this branch of the
evolution. An OAS from the marine sponge Tedania ignis was spe-
cifically selected to represent the phylum Porifera as it is the syn-
thesis of both 2/,5’- and 3',5'-linked oligoadenylates from the
substrate ATP that is observed in the crude extracts of several
species of the genus Tedania [27]. The unicellular eukaryote M.
brevicollis was of particular interest since it is the closest relative to
Metazoa and the OAS activity has been believed to be related only
to Metazoa. The enzymatic properties of the expressed recombi-
nant proteins were compared to those of the similarly produced
porcine OAS which was selected as a representative of the
mammalian OAS1 proteins.

2. Materials and methods
2.1. Materials

The specimen of the marine sponge T. ignis collected from the
Bahamas was generously provided by Dr. E. Richelle-Maurer (Uni-
versité Libre de Bruxelles, Belgium) in the form of frozen cell
pellets.

The c¢DNA clone containing the OAS sequence (see
Supplementary material) from the choanoflagellate M. brevicollis
(MbrOAS) was from Dr. Nicole King (University of California, Ber-
keley, USA), the OAS cDNA clone from the mollusk Mytilus cal-
ifornianus (McaOAS) was from Dr. Andrew Gracey (University of
Southern California, Los Angeles, USA), the OAS cDNA clone from
the salamander Ambystoma mexicanum (AmeOAS) was from Dr.
John A. Walker and Dr. Randal Voss (University of Kentucky, Lex-
ington, USA) and the OAS cDNA clone from the little skate L. eri-
nacea (LerOAS) was from Christine M. Smith (Mount Desert Island
Biological Laboratory, Maine, USA).

The recombinant BL21 (DE3) Escherichia coli bacteria con-
taining the expression vector pET9d with the porcine 2-5A syn-
thetase cDNA were from Rune Hartmann (University of Aarhus,
Denmark).

2.2. Cloning the putative OAS cDNA from the marine sponge T. ignis

The RNA was extracted from the cells of the marine sponge T.
ignis with TRIzol® Reagent (Invitrogen) according to manufacturer’s
protocol. The cDNA was synthesized with the RevertAid™ H Minus
First Strand cDNA Synthesis Kit (Fermentas) using oligo(dT)g
primer.

A part of the coding sequence of putative OAS was amplified
using degenerate primers SpOAS_uniF1 (5-GTAAAACGACGGC-
CAGTGAATTCGGHTCNHTRGGDYANGGWAC-3') and SpOAS_uniR1
(5’-CAGGAAACAGCTATGACAAGCTTYGYHGGRTYIGCIGGRTC-3")
containing a restriction site (in bold, EcoRI in forward and HindIIl in
reverse primer) and the M13/pUC forward and reverse sequencing
primer sequences (underlined) to allow further specific amplifica-
tion and directional cloning of the PCR product. The degenerate
part of the forward primer was designed on the basis of the pub-
lished amino acid sequences of OAS proteins from the marine
sponges G. cydonium, S. domuncula, L. baicalensis and Amphimedon
queenslandica [28]. The degenerate part of the reverse primer was
from Ref. [20]. Initial PCR using degenerate primers was carried out
as follows: initial denaturation at 95 °C for 2 min, followed by 35
cycles at 94 °C for 40 s, 40 °C for 40 s, 72 °C for 1.5 min, and a final
extension step at 72 °C for 10 min. Secondary PCR for amplification
of the product using M13/pUC sequencing primers was carried out
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under the same cycling conditions, except the annealing temper-
ature that was 50 °C. The PCR product was excized from gel, puri-
fied using GeneJET™ Gel Extraction Kit (Fermentas) and sequenced.
The sequencing reaction was performed using BigDye Terminator
v3.1 Cycle Sequencing chemistry (Applied Biosystems) and the ABI
PRISM 3130 Genetic Analyzer (Applied Biosystems) was used for
the analysis.

Specific primers were designed on the basis of sequencing re-
sults and the 3’-end of the cDNA was amplified using the First-
Choice® RLM-RACE Kit (Ambion) and the gene specific primer
TigOAS_F1 (5'-AACAGTGCCAGGTGACTACGAC-3'). For establishing
the sequence of the 5’-end, the protocol from Ref. [29] was adapted.
First, the cDNA was synthesized with the RevertAid™ H Minus First
Strand c¢DNA Synthesis Kit (Fermentas) using the gene specific
primer TigOAS_R1 (5-TGGATAGTCCTGCTTCCTGTAG-3'). The cDNA
was purified with the PCR Product Purification Kit (Qiagen) fol-
lowed by RNaseA treatment. Poly(A) tail was added to the cDNA
with Terminal Deoxynucleotidyl Transferase (Fermentas) according
to the manufacturer’s protocol and the tailed cDNA was purified
again with the PCR Product Purification Kit (Qiagen). The second
strand was then synthesized using the 3'-RACE adapter from the
FirstChoice® RLM-RACE Kit (Ambion). The PCR was carried out in
50 ul final volume containing 5 ul tailed and purified cDNA, 2 ul 3'-
RACE adapter, 0.2 mM each dNTP, 1x Pfu buffer and 1.25 U Pfu DNA
Polymerase (Fermentas) with initial denaturation at 95 °C for
2 min, followed by 15 cycles at 95 °C for 40s, 42 °C for 40 s, 72 °C for
3 min, and a final extension step at 72 °C for 10 min. For amplifi-
cation of the products, nested PCR was performed. Outer PCR was
carried out in 50 ul final volume containing 1 pl previous PCR
mixture, 20 pmol each 3’-RACE adapter specific outer primer and
TigOAS_R1 primer, 0.2 mM each dNTP, 1x Pfu buffer and 1.25 U Pfu
DNA Polymerase (Fermentas) with initial denaturation at 95 °C for
2 min, followed by 35 cycles at 95 °C for 40 s, 64 °C for 40 s, 72 °C for
3 min, and a final extension step at 72 °C for 10 min. Inner PCR was
performed in 50 pl final volume containing 1 pl outer PCR mixture,
20 pmol each 3’-RACE adapter specific inner primer and TigOAS_R2
primer (5-ATGTCGTAGTCACCTGGCACTG-3') and 1x PCR Master
Mix (Fermentas) containing Taq DNA polymerase. Thermal cycling
conditions were as in outer PCR. The PCR products were cloned
using InsTAclone™ PCR Cloning Kit (Fermentas) and sequenced
with vector-specific primers. All sequencing results were analyzed
and edited using GAP4 software [30]. The protein sequences were
aligned with Clustal Omega software [31], identities and similar-
ities between protein sequences were calculated using SIAS soft-
ware [32].

The sponge genomic DNA was extracted using the CTAB method
as described earlier [33].

In order to explore the intron/exon structure of the gene
encoding the OAS in T. ignis, PCR was carried out in 50 pl final
volume containing 1 pg of DNA from T. ignis, 20 pmol each
TigOAS_F3 (5'-ATCCATGGCCTCACCCCTCATTC-3’) and TigOAS_R4
(5’-ATAGATCTGTGTATCTCGTCCACTGAC-3’) primer and 1x PCR
Master Mix (Fermentas) with initial denaturation at 95 °C for 2 min,
followed by 35 cycles at 95 °C for 40 s, 55 °C for 40 s, 72 °C for
2.5 min, and a final extension step at 72 °C for 10 min. The PCR
product was excized from gel, cloned and sequenced as described
above.

2.3. Cloning into expression vectors

The coding regions of the putative OAS cDNAs were cloned into
the pET24d expression vector (Novagen). The resulting poly-
peptides contained additional C-terminal amino acids Arg and Ser
in the case of TigOAS and Leu and Glu in the case of MbrOAS,
McaOAS and LerOAS before histidine affinity tag. AmeOAS

contained no extra amino acids between the protein sequence and
the C-terminal histidine affinity tag. The second amino acid was
mutated to Val in MbrOAS and to Ala in McaOAS and AmeOAS in
order to introduce a Ncol restriction site for cloning (see
Supplementary material for protein sequences).

To obtain GST-fusion proteins, the same inserts were cloned into
pET42a expression vector (Novagen) and thus the resulting re-
combinant proteins contained the same extra amino acids and
histidine affinity tag in their C-termini.

In order to add a second C-terminal histidine-tag to LerOAS, a
reverse primer containing Sall restriction site was designed against
the histidine-tag coding sequence. The sequence previously cloned
into pET24d was amplified using vector specific T7 promoter
primer and the reverse primer against histidine-tag. The ends of the
PCR product were cut with Ncol and Sall and the resulting insert
was ligated into the pET24d vector that had been restricted with
Ncol and Sall.

All constructs were verified by sequencing.

The calculated molecular weights of the recombinant proteins
were 61 kDa, 72 kDa and 78 kDa for GST-tagged MbrOAS, McaOAS
and AmeOAS, respectively. The calculated molecular weight of the
recombinant LerOAS with two histidine-tags was 59 kDa and in the
case of the TigOAS with one histidine-tag it was 36 kDa and with
GST-tag 67 kDa [34].

2.4. Expression and purification of the recombinant OAS proteins

The insert-containing plasmids were transformed into E. coli
BL21-CodonPlus(DE3)-RP strain (Stratagene). The bacteria trans-
formed with pET24d vectors were grown in optM9 media, con-
taining 1xM9 salts [35], 0.2 mM CaCl,, 5 mM MgCly, 1% glucose,
40 pg/ml chloramphenicol and 100 pg/ml kanamycin, on a rotary
shaker at 180 rpm at 37 °C until the cell density of Agpo nm = 0.6—0.8
was reached. Then the cultures were cooled to 20 °C and after
30 min adaptation period the expression of recombinant protein
was induced by adding IPTG (Fermentas) at a final concentration of
0.5 mM. After overnight incubation at 20 °C the cells were har-
vested by centrifugation and frozen until lysis.

The bacteria transformed with pET42a vectors were grown in LB
media, containing 2 mM MgCly, 1% glucose, 40 pg/ml chloram-
phenicol and 30 pg/ml kanamycin. The growth conditions were as
described above, except that the protein expression was induced by
adding IPTG at a final concentration of 0.1 mM.

Cells expressing histidine-tagged recombinant proteins were
lysed in the lysis buffer (50 mM Nay;HPOy, pH 6.8, 500 mM NacCl, 10%
glycerol, 1 mg/ml lysozyme) by sonication on ice. The lysate was
clarified by centrifugation and the supernatant was applied to a Ni-
NTA agarose (Qiagen) column. The column was washed with wash
buffer (50 mM NayHPOy4, pH 6.8, 500 mM NacCl, 10% glycerol, 50 mM
imidazole) and the bound proteins were eluted with elution buffer
(50 mM Na;HPO4, pH 6.8, 500 mM NaCl, 10% glycerol, 250 mM
imidazole) in 0.5—1 ml fractions.

Cells expressing GST-tagged recombinant proteins were lysed
in the lysis buffer (50 mM Tris—HCl, pH 8.0, 150 mM Nacl, 10%
glycerol, 1 mg/ml lysozyme) and the cleared lysate was prepared
as described above. The cleared lysate was applied to a glutathione
agarose (GE Healthcare) column, the column was washed with
lysis buffer (without lysozyme) and the bound proteins were
eluted with the elution buffer (50 mM Tris—HCl, pH 8.0, 150 mM
NaCl, 10% glycerol, 10 mM reduced glutathione) in 0.5-1 ml
fractions.

The fractions were analyzed by SDS-PAGE and western blot as
described previously [26]. Fractions containing recombinant pro-
tein were pooled and concentrated using Amicon® Ultra Centrifugal
Filter Devices (10 kDa MWCO, Millipore).
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The porcine recombinant OAS was expressed and purified as
described earlier [26].

2.5. Size exclusion chromatography

Size exclusion chromatography was performed using Waters
HPLC system (Waters Corporation). The recombinant protein
preparation was loaded onto an SEC column (BioSep-SEC-S3000,
300 x 7.8 mm, 5 pm, Phenomenex) at room temperature and the
elution was performed with 50 mM Tris—HCl, pH7.5, 150 mM Nadl,
10% glycerol at a flow rate of 0.75 ml/min for 30 min. After washing
the column with elution buffer for 6 min, 28—42 fractions were
collected (250 ul each). The collected fractions were analyzed in
10% SDS-polyacrylamide gel and those containing pure recombi-
nant protein were pooled and concentrated using Amicon® Ultra
Centrifugal Filter Devices (10 kDa MWCO, Millipore).

2.6. OAS activity assay

The 2-5A synthesizing activity of recombinant proteins was
assayed by incubating the recombinant protein in the reaction
mixture containing 20 mM Tris—HCI, pH 8.0, 5 mM MgCl,, 1 mM
ATP as a substrate and varying concentrations (0—1.0 mg/ml) pol-
y(I)-poly(C) (from Sigma) as a potential activator of OAS proteins, in
a final volume of 50 pl, at 37 °C for different time periods. The re-
actions were stopped and the products were dephosphorylated as
described earlier [26].

The reaction products were analyzed on the Agilent 1100 Series
HPLC instrument (Agilent Technologies) equipped with a C18
reverse-phase column (Phenomenex Luna C18(2), 250 x 4.6 mm,
5 mm; pre-column SecurityGuard C18, 4 x 3 mm). Eluent A was
100 mM ammonium phosphate, pH 7.0 and eluent B was 50%
methanol in water. The oligomers were separated at 40 °C in a 3-
step linear gradient of eluent B in water (0%, 1 min, then 0—28%,
9 min followed by 28—50%, 16 min and 50—60%, 1 min) with eluent
A constantly at 20%, then the column was eluted at 60% of eluent B
for 1 min and after lowering its proportion to 0% (1 min), the col-
umn was equilibrated with 20% eluent A for 7 min. The absorption
was measured at 260 nm. ATP, adenosine and oligoadenylates in
either their phosphorylated or dephosphorylated forms were
identified by comparing their retention times with those of
authentic compounds, by their UV spectra (using previously
created UV spectra library) and MALDI-MS analysis [26]. The
identity of the oligomers containing 3',5'-linkages was further
confirmed by means of RNase T, treatment.

2.7. RNase T, treatment of the reaction products

The whole dephosphorylated reaction mixture from TigOAS
activity assay or fractions corresponding to the individual peaks
were treated at 37 °C with 0.012 U/ul of RNase T; (Invitrogen) in a
reaction mixture containing 50 mM Na-acetate pH 4.0 for 1.5 h. The
reaction was stopped by heating at 95 °C for 5 min and the products
were analyzed by HPLC as described above.

3. Results
3.1. OAS gene and protein from the marine sponge T. ignis

Degenerate primers designed against conserved motifs in
known 2-5A synthetases from several marine sponges were used to
amplify a fragment of the 2-5A synthetase cDNA from the marine
sponge T. ignis. Based on the obtained sequence, specific primers
were designed and the 5'- and 3’-ends were amplified and
sequenced. Due to the partial degradation of the RNA, the complete

sequence of the 5’-end could not be established with the RLM-RACE
Kit, where only cap-containing mRNAs are amplified. Therefore
alternative approach was used (see Section 2.2.) and the longest
amplified fragments were cloned and sequenced. The obtained
cDNA was 1028 nt long and contained one ORF which ranged from
nt 35—37 (start) to nt 932—934 (stop). The deduced polypeptide
was 299 aa long with calculated molecular weight of 34.7 kDa and
with the estimated plI of 9.13 [34]. The sequence was deposited in
the GenBank database (accession no. KF362123).

The deduced protein sequence analysis revealed that all resi-
dues considered to be essential for 2-5A synthetase activity were
present as well as the conserved sequence motifs with unknown
function (Fig. 1).

The exon/intron structure of the OAS gene from T. ignis was
similar to that of the OAS genes from other marine sponges [28] and
the encoded protein shared 29% identity and 43% similarity with
the 2-5A synthetase from another marine sponge G. cydonium
(GcyOAS, Uniprot accession number 097190) (Fig. 1).

3.2. Expression and purification of putative OAS proteins

Putative oligoadenylate synthetases from different organisms
[choanoflagellate M. brevicollis (MbrOAS), sponge T. ignis (TigOAS),
mollusk M. californianus (McaOAS), salamander A. mexicanum
(AmeOAS) and skate L. erinacea (LerOAS)] were expressed in a
bacterial expression system. TigOAS was expressed as a C-termi-
nally histidine-tagged protein and LerOAS contained two C-termi-
nal histidine tags, separated from one another by a 9 amino acid
linker (VDKLAAALE). The additional histidine-tag was introduced
to LerOAS in order to increase the affinity to Ni-NTA agarose to
which the protein having only one tag bound weakly and eluted in
the wash fractions together with a number of contaminating bac-
terial proteins. MbrOAS, McaOAS and AmeOAS were GST-tagged to
enable purification by binding to the glutathione agarose. The at-
tempts to purify them as histidine-tagged proteins using Ni-NTA
agarose had failed because the proteins did not bind to the affin-
ity resin.

All recombinant protein preparations purified by affinity
chromatography contained impurities, including several proteins
of bacterial origin (Fig. 2). In the recombinant protein preparations
of histidine-tagged proteins (LerOAS and TigOAS) the major
contaminant was <25 kDa bacterial protein. In the GST-tagged
recombinant protein preparations, in addition to bacterial pro-
teins, some of the contaminants were probably prematurely
terminated recombinant proteins containing GST but no part or
only a small part of the OAS protein (Fig. 2, ~25—30 kDa). For
further purification of the preparations size exclusion chroma-
tography was used. The recombinant proteins MbrOAS, McaOAS
and AmeOAS eluted as broad peaks starting from the column void
volume, indicating multimeric nature of the proteins in their
native states. It allowed us to separate the recombinant proteins
from their contaminants (see Supplementary material). LerOAS
eluted in two peaks: 1) monomer, whose peak overlapped
partially with those of the contaminants and which was therefore
unpurifiable by the method we used and 2) oligomer (at least
trimer), that eluted earlier than contaminating proteins. The
exception was TigOAS, which eluted only as a monomer and was
unseparable from the major contaminating protein due to the
small difference in their molecular weights. To test if it was
possible to obtain a TigOAS protein preparation with smaller
amount of contaminating bacterial proteins, the TigOAS was also
expressed as a GST-tagged protein. The resulting protein prepa-
ration was significantly purer and did not contain the major
contaminant, the <25 kDa bacterial protein, observed in the
histidine-tagged TigOAS preparation. The purity of protein
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Fig. 1. Comparison of OAS structures from two marine sponges, Tedania ignis (TigOAS) and Geodia cydonium (GcyOAS). The amino acids are shaded according to the identity (in
black) and similarity (in gray). Intron locations in the corresponding genes are indicated by arrows. OAS-specific motifs are underlined.

preparations used for further experiments is demonstrated in
Fig. 2. The highest purity was achieved in the case of LerOAS.

3.3. Enzymatic activities of recombinant OASs

The 2',5'-oligoadenylate synthesizing activity of recombinant
proteins was assayed in a reaction mixture containing ATP and
varying concentrations of poly(I)-poly(C). Under the conditions
tested, we could not detect any oligoadenylate synthesizing activity
of the recombinant proteins from M. brevicollis or from
A. mexicanum.

McaOAS, LerOAS and TigOAS were able to polymerize ATP into
2',5'-linked oligoadenylates in the presence of commonly used
synthetic dsRNA poly(I)- poly(C) as it had been shown earlier for
mammalian OAS proteins [24]. Without the dsRNA, the enzymatic
activity of the proteins was just above the detection limit. McaOAS
and LerOAS were activated already by the lowest poly(I)- poly(C)
concentration (1 pg/ml) tested, achieving 33% and 53%, respec-
tively, of the maximum activation observed (Fig. 3). In the case of
TigOAS, a similar level of activation (27%) was observed in the
presence of much higher poly(I)- poly(C) concentration (100 pg/ml).
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LerOAS exhibited highest oligoadenylate synthesizing activity
when the poly(I)- poly(C) concentration in the reaction mixture was
100 pg/ml. For McaOAS and TigOAS the highest enzymatic activity
was measured at poly(I)-poly(C) concentration of 1 mg/ml. It
should be noted that this was also the highest poly(I)-poly(C)
concentration tested and therefore the real poly(I)-poly(C) con-
centration required for maximal activity remains unknown.

In our standard 2-5A synthetase assay conditions [1 mM ATP,
5 mM MgCl, and 100 pg/ml poly(I)-poly(C)], LerOAS had the
highest specific activity among the recombinant proteins studied:
8—22 nmol of ATP polymerized to oligoadenylates per 1 pg of
protein in 1 h. McaOAS and TigOAS exhibited significantly lower
specific activity in these conditions: 1.2—1.7 and 0.05—0.06,
respectively. Under the same conditions, a mammalian OAS1, the
recombinant porcine OAS, had still about an order of magnitude
higher specific activity if compared to the most active recombinant
protein studied herein (see also Ref. [26]).

In order to describe the products synthesized by the recombinant
OAS proteins, the activity assays were carried out for different time
periods (up to 31 h). The porcine recombinant protein which was used
as amammalian OAS1 standard polymerized ATP into 2-5A oligomers
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Fig. 2. SDS-PAGE (A) and western blot (B) analysis of the recombinant proteins before (1) and after (2) purification by size exclusion chromatography. Protein preparations of
histidine-tagged and GST-tagged TigOAS were not purified by size exclusion chromatography. The gel was stained with ProSieve® Blue Protein Staining Solution (Lonza) and western

blot was probed with anti-Hisg antibody. The recombinant OASs are indicated by arrows.
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Fig. 3. The effect of increasing concentrations of poly(I)-poly(C) on the enzymatic activity of the recombinant protein preparations from M. californianus (A), L. erinacea (B) and
T. ignis (C). The calculated specific activity units are expressed as the amount of ATP (nmol) polymerized per 1 pg of protein in 1 h. In the case of TigOAS, the calculations of specific
activity also include the products with 3',5'-linkages in addition to the 2’,5'-linked oligoadenylates. Error bars indicate the highest and lowest values of the specific activity from two

independent experiments.

ranging from dimer to pentamer (Fig. 4A, B). The recombinant pro-
teins McaOAS, LerOAS and TigOAS were able to catalyze the synthesis
of 2-5A dimer, trimer and tetramer with the prevalence of dimer
among reaction products. In the case of McaOAS, the presence of
pentamer in the reaction mixture was also detected (Fig. 4C—H).

Similarly to the OAS previously characterized from another
marine sponge G. cydonium [26], the sponge recombinant OAS from
T ignis, histidine-tagged TigOAS, was able to catalyze the formation
of oligoadenylates with 3’,5'-phosphodiester bond. 2’,5'-linked
oligoadenylates were found in the reaction mixture together with
the 3/,5’-linked di- and trinucleotides. Furthermore, the presence of
triadenylates with the first linkage being a 2’,5'-phosphodiester
bond and the second one being a 3’,5'-bond was observed (Fig. 4G,
H). Ribonuclease T2 treatment of the dephosphorylated reaction
mixture of TigOAS resulted in the degradation of all the products
containing 3’,5'-linkages, leaving the products with 2’,5'-linkages
intact (Fig. 5). 3'-AMP seen additionally on the chromatogram
derived from 3—5A dimer and trimer (Fig. 5B), whereas A2'p5’A3’p
was a degradation product of the triadenylate A2'p5’A3'p5’'A
(Fig. 5B and Fig. S6).

The ratio of products containing 2’,5'-linkage to the products
with 3’,5’-linkage was 2.4 + 0.2 in the presence of 100 pg/ml pol-
y(I)-poly(C) and 2.8 + 0.2 in the presence of 1 mg/ml poly(I)-
poly(C) (n = 4). To confirm that both enzymatic activities were
exhibited by the recombinant protein and not by the <25 kDa
bacterial protein, size exclusion chromatography fractions 19 and
23 (Fig. S5) were analyzed for oligoadenylate synthesizing activity.
Fraction 19 which contained mostly the <25 kDa bacterial protein
and only traces of recombinant TigOAS protein showed minimal
enzymatic activity, though both 2’,5’- and 3',5-linked diadenylates
were detected in the reaction mixture. Fraction 23, where the
amount of recombinant TigOAS was higher than that of the
contaminating protein, exhibited higher enzymatic activity and the
ratio of products with 2’,5'-linkage to the products with 3',5'-
linkage was 2.3 (data nor shown). The GST-tagged TigOAS protein
preparation exhibited significantly lower enzymatic activity if
compared to the histidine-tagged TigOAS preparation. However, it
was still able to catalyze the formation of both, 2’,5'- and 3',5'-
linked oligoadenylates like the histidine-tagged TigOAS.

4. Discussion

Based on the EST and genomic analysis, the OAS proteins are
now believed to be represented throughout the animal

evolutionary tree with losses in some of its branches [21]. In the
present work the cDNAs of four putative oligoadenylate synthe-
tases from distantly related animal species as well as the cDNA of a
choanoflagellate, a close relative of animals, were expressed in a
bacterial system and their capabilities to synthesize oligoadeny-
lates were tested. Three of the expressed proteins proved to be
active 2-5A synthetases, while two proteins, namely the OAS from
the marine choanoflagellate M. brevicollis and the amphibian
A. mexicanum were not able to catalyze the formation of 2-5A
oligomers from ATP in our assay conditions.

Since 2-5A synthesizing activity is generally believed to be
limited to Metazoa, the prediction of a putative OAS gene in the
genome of M. brevicollis [21] challenged us to revisit this belief.
Based on M. brevicollis genome sequencing data, a 634 aa protein
was predicted by Kuo et al. (GenBank accession XM_001750778).
Using the NCBI Conserved Domains Search tool three conserved
domains in this predicted protein sequence can be found on the
basis of similarity. In the N-terminal part there is a sequence similar
to the ATP-binding site of histidine kinase-like ATPases. The
nucleotidyl transferase domain of OAS (or class I CCA-adding en-
zymes) and a domain similar to the C-terminus of OAS1, homolo-
gous to a tandem ubiquitin repeat were found in the C-terminal
part of the predicted protein [21]. In the present work only the 249
aa C-terminal part of this hypothetical protein containing all the
motifs characteristic to OAS proteins was expressed as a recombi-
nant protein. As we could not detect any 2-5A synthesis catalyzed
by the recombinant MbrOAS, we hypothesize that if the predicted
protein exists, it may need either both domains to acquire the
correct fold or to require the additional ATP-binding site in the N-
terminal part for being enzymatically active. However, there are no
EST sequences available to completely cover the entire predicted
protein sequence. Of the two ESTs found for this protein one covers
the C-terminal part only and the second, longer one has not been
completely sequenced, hence the information on the middle part of
the EST is missing. Though the existence of this protein is confirmed
by the longer EST, the genome-based prediction of its sequence/
length needs to be established by future studies.

According to the phylogenetic tree of OAS proteins, the OAS
from M. brevicollis has early diverged from the rest of the OAS
proteins [21]. The protein encoded by the M. brevicollis genome,
although it contains the sequence motifs characteristic to OAS, may
not have obtained the structural properties that result in enzy-
matically active protein. If enzymatically active at all, it might
catalyze the formation of 3’,5'-phosphodiester linkages instead of
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Fig. 4. HPLC analysis of products synthesized from ATP by the recombinant porcine OAS (A, B), McaOAS (C, D), LerOAS (E, F) and TigOAS (G, H) in their phosphorylated (left column)
or dephosphorylated (right column) forms. 1, ATP; 2, ADP; 3, AMP; 4, p3A2'p5'A; 5, p2A2'p5’'A; 6, psA2'p5'A2'p5'A; 7, p2A2'p5'A2'p5'A; 8, psA2'p5'A2'p5'A2/p5'A; 9, mixture of
P2A2'p5'A2'p5'A2'p5’A and p3A2’'p5'A2'p5'A2'p5'A2'pS5’A; 10, p2A2'p5'A2'p5'A2'p5'A2/p5’A; 11, mixture of adenosine and A2'p5'A2'p5'A2'p5'A; 12, A2'p5'A2'p5'A; 13, A2'p5'A;
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Fig. 5. RNase T, treatment of products synthesized from ATP by TigOAS. The
dephosphorylated reaction mixture containing oligoadenylates with 2',5'- and 3',5'-
linkages (A) was treated with RNase T, yielding intact 2’,5'-linked oligoadenylates and
degradation products of oligoadenylates with 3’,5'- and mixed linkages (B). The peak
numbers correspond to those on Fig. 4.

2',5'-linkages; the optimal conditions for this catalysis being
different from those used here. It is also possible that the enzyme
still possesses the properties of an ancestral enzyme, being for
example incapable of primer-independent synthesis.

The proteins of OAS family lacking enzymatic activity have been
described earlier. For example, the majority of the eight murine
OAS1 proteins do not possess enzymatic activity [12]. The OAS gene
from the amphibian A. mexicanum was inactive in our assay; that
may be related to the particular cDNA clone which had a linker
sequence at the incomplete 5'-terminus, though all the necessary
sequence motifs of the functional OAS protein were present. On the
other hand, the real number of putative OAS genes in the genome of
A. mexicanum is not known as the whole genome sequence is not
available yet. For a close relative of A. mexicanum, Ambystoma
tigrinum, two ESTs have been identified that encode putative OAS
proteins [21]. It is likely that in A. mexicanum there are other OAS
genes, some of which may encode proteins with 2-5A synthesizing
activity. However, Cayley et al. [23] were not able to detect any OAS
activity in any of the tested amphibians. Two of them, Necturus
maculosus and Salamandra salamandra, belong to the same order
Caudata as A. mexicanum; Bufo woodhousei is a more distant rela-
tive. Up to now, none of these three genomes have been fully
sequenced. Obviously, more data are needed to establish the
presence of OAS genes and their activities in amphibians.

Three expressed proteins, the recombinant OASs from the
sponge T. ignis, the mollusk M. californianus and the little skate
L. erinacea were able to polymerize ATP into 2’,5'-linked oligoade-
nylates in the presence of poly(I)- poly(C), thus being true oligoa-
denylate synthetases (Fig. 4). The demonstration of the OAS activity
in M. californianus was the first case for the whole animal clade
Protostomia where some of its branches have even lost the OAS
genes.

Recently, a putative OAS1 gene was also identified for a repre-
sentative of the phylum Cnidaria, the sea anemone Nematostella
vectensis [21]. Though there are no data about OAS activity in this
species, another cnidarian of the class Anthozoa, the soft coral
Alcyonium acaule, exhibited 2-5A synthesizing activity (our un-
published results). These results confirm that active OAS proteins
are indeed present in various animal phyla and no evolutionary gap
exists between vertebrate and sponge OASs (Fig. 6).

The OAS from the little skate, L. erinacea, contains the ubiquitin-
like repeats at the C-terminus and is therefore considered to be an
OASL protein [21]. Originally the OASL proteins were believed to be
enzymatically inactive or to have another catalytic activity not yet
identified [36]. Since then cDNAs encoding OASL proteins with
2'5'-oligoadenylate synthesizing activity have been cloned from
chicken and mouse [16,37] in addition to the little skate. Hence it is
not possible to predict if the OAS is able to catalyze the formation of
oligoadenylates or not just on the basis of it having the ubiquitin-
like C-terminus. More likely the structure of the active site and its
surrounding sequence is important in determining the protein’s
ability to produce oligoadenylates. The function of this ubiquitin-
like domain is yet to be determined. However, it has been shown
that the antiviral activity of the human p59 OASL protein was in-
dependent of the 2-5A synthesis and required the ubiquitin-like
domain [38].

Various dsRNA molecules, produced during viral infections as
well as dsRNA-like cellular structures have been shown to activate
OAS proteins in vitro [39,40]. In practice, the most commonly used
activator of OAS is the synthetic dsRNA, poly(I)-poly(C). The
necessary amount of dsRNA to achieve a half-maximum activity of
different OAS forms (OAS1, OAS2 and OAS3) ranges from less than
1 pg/ml to more than 500 pg/ml poly(I)- poly(C) [7]. A considerable
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Fig. 6. Schematic representation of the presence of OASs on the phylogenetic tree of
animals. The branches where the OAS activity has been shown earlier are marked with
gray borders and the novel data are shown by black borders. Animal groups where the
presence of OAS genes has been only bioinformatically predicted are underlined. The
phylogenetic tree was modified from Ref. [46].
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variation was also observed in our experiments. LerOAS reached
half-maximum activity already at 1 pg/ml poly(I)- poly(C), while for
McaOAS the required concentration was between 1 and 10 pg/ml
poly(I)-poly(C) and TigOAS needed more than 100 pg/ml poly(I)-
poly(C). We have demonstrated earlier that the recombinant OAS
from another marine sponge G. cydonium, which binds to RNA
already during its expression in the bacterial cell and forms an
enzymatically active protein—RNA complex, does not require any
additional poly(I)- poly(C) for its enzymatic activity [26]. During its
synthesis, the GcyOAS binds certain unidentified bacterial RNAs
with very high affinity and poly(I)- poly(C) is unable to compete
with them. The recombinant OAS from the marine sponge T. ignis,
TigOAS also had a low affinity towards poly(I)-poly(C). A high
concentration of the polynucleotide required may refer to the poor
suitability of this synthetic RNA for the activation of sponge OAS
proteins. Though we hypothesize that the activation mechanism of
sponge oligoadenylate synthetases is similar to that of the verte-
brate ones, the affinities and structural requirements for the RNA
component may be quite different.

In addition to the catalysis of the formation of 2’,5’-phospho-
diester bonds, the recombinant OAS from T. ignis was also able to
catalyze the synthesis of 3’,5-phosphodiester bonds. The same
phenomenon was observed earlier when testing the enzymatic
activity of the recombinant OAS from G. cydonium [26]. However,
the ratio of 2-5A oligomers to 3-5A oligomers in a reaction cata-
lyzed by TigOAS compared to that catalyzed by GcyOAS was even
more in favor of the formation of 3-5A: 2.4 for TigOAS vs 5.4 for
GcyOAS. Differently from TigOAS, McaOAS and LerOAS were only
able to catalyze the formation of a 2’,5'-linkage, thereby resembling
the mammalian OAS proteins.

The primary sequences of sponge OASs show moderate simi-
larity and identity amongst one another [28] and to vertebrate OASs
[19]. 2’- and/or 3'-specificities of OASs from different sources pre-
sumably depend on the structures of their active sites. The dis-
similar amino acid context surrounding the active sites of the
different OASs may contribute to the distinct assembly and struc-
ture of them and therefore influence the choice of linkage to be
catalyzed.

The 2’- and 3’-specificities of OAS may also be determined by the
activating RNA species since the addition of poly(I)- poly(C) shifted
the ratio of 2’,5'-linkages to 3',5'-linkages slightly in favor of 2/,5'-
linkages in the activity assays with TigOAS as well as in the previous
experiments with GcyOAS [26]. Could it be conceivable that TigOAS
would behave as a 3-5A synthetase in the presence of the appro-
priate activator similarly to the activity observed in the crude
extract of T. ignis [27]? Regarding this issue, it should be mentioned
that though sponge crude extracts do not require exogenously
added RNA for their characteristic OAS activities [41], the observed
activity may actually be mediated by certain endogenously formed
nucleic acid—protein complex(es). However, the cloned TigOAS
may be one of several OASs with different activation and enzymatic
characteristics in T. ignis and the activities seen in the crude extract
are a combination of them. Useful information would be provided
by the analysis of the crystal structure of the sponge OAS crystal-
lized together with its substrate and activator. It would enable us to
compare the structure and the flexibility of the active site with
those of 2’-specific OASs from higher animals and deduce the fea-
tures that are important in determining the 2’- and 3’-specificities
of nucleotidyl transferases in general.

The OAS proteins from sponges form a distinct group of 2/,5'-
oligoadenylate synthetases — their genomic structure differs from
the conserved exon/intron structure of vertebrate OAS genes [28].
Also, their enzymatic activities have some characteristic features
including their capability to catalyze the formation of 3',5'-linkages
and to utilize all four ribonucleotides (ATP, GTP, UTP, CTP) at the

acceptor site of OAS for 2’,5'-oligomerization [42]. The sponge OASs
may have preserved some characteristic features of the common
ancestor of OASs and other members of the same nucleotidyl
transferase family. We suggest that the sponge OASs represent a
link between earlier polymerases and specific 2’,5'-oligoadenylate
synthetases found in higher animals.

The progress in genomic research has enabled researchers to
establish the presence of OAS encoding genes throughout the ani-
mal kingdom while evolutionary loss of them in some branches of
the phylogenetic tree has also been revealed. In the present study
these genomic data for some multicellular animals are com-
plemented with the knowledge about the enzymatic activity of the
encoded OAS proteins.

The role(s) of OAS in the animals which lack the antiviral
interferon-inducible 2-5A system remain difficult to specify. It has
been suggested that OAS may also be involved in the antiviral
innate immune defense system of sponges since the OAS gene in
L. baicalensis could be induced with dsRNA [20]. However, the
intracellular signaling pathways leading to the antiviral response or
high affinity proteinaceous targets of 2-5A (like RNaseL in verte-
brates) in lower animals are not known to date. The interest for 2-
5A binding proteins in lower animals is starting only now, after the
elucidation of functional OAS genes in these organisms. Until now,
sponges were the only invertebrates where OAS activities have
been demonstrated. Our attempts to identify any specific 2-5A
binding proteins in sponges have been unsuccessful so far. Yet other
biochemical targets for 2-5A have been found in mammals and
several alternative functions for OASs have been proposed,
including the regulation of cell proliferation, gene expression,
apoptosis or involvement in RNA metabolism [43,44, reviewed in
45]. Some of these functions preserved in mammals might derive
from the original functions of OAS proteins in the evolutionarily
older metazoans.
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Fig. S1. Fractionation of the GST-tagged MbrOAS preparation by size exclusion chromatography and
the SDS-PAGE analysis of the collected fractions. Fractions 2 — 11 were pooled and concentrated for
further experiments.
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Fig. S2. Fractionation of the GST-tagged McaOAS preparation by size exclusion chromatography and
the SDS-PAGE analysis of the collected fractions. Fractions 2 — 10 were pooled and concentrated for
further experiments.
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the SDS-PAGE analysis of the collected fractions. Fractions 2 — 10 were pooled and concentrated for
further experiments.
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Fig. S4. Fractionation of the histidine-tagged LerOAS preparation by size exclusion chromatography
and the SDS-PAGE analysis of the collected fractions. Fractions 3 — 7 were pooled and concentrated
for further experiments.
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Protein sequences

>MbrOAS
MLSVDEVYPGGSYAKGTSTGAQSDVDLLVVLNDIPTENHSRWLYMVLTELRRVVELGLQGNCQDVKVTR
FAVQLRVDNVNVDLLPVPAALWRSTDQRMKIVNSAALEDRRWLSVAFAKEQVKYVREKKETAGVTGIIR
LIKRWLATQKWRSKPPSFLIELMVLEAKSRLPEADHLALLNKFWELVRHHETLCITIHGSAVHAEIAHER
PLVVDPANPTNNVAGSFQWDEFVGFAREIHATRLRKFVRDLS

>TigOAS
MASPLIKEANQAVYTIVRTLODGRPEGLVVDEVIKGGSMGHGTTVPGDYDIDIVIYSRSVDPQELARNG
PRRWLKIFAEHLEERNPGKLWDKEYLPHAFRFNFERKIKVDMLISPFWQRSSDLYRFLOERLSAREREN
FSMSASKWQVDEFFKDQOPNQVKEFTITRRAKAWRNKKWAGQOAGKPKSYLLSVIVLRAYERAKGKGDTY IAWN
TTAEVKTIVHRHQSADIYWEEYYRKQDYPSLEFPQYTPRIVDPANPSNNLHETGISGPSNTKANDYGEGG
GRWDNFEVRFVDSLDLTKSVDEIH

>McaOAS
MPGYLFLVYVFSCLSITSADLYHGPETVESHKVDKDDEFVGRHHGETLSKFITRIVDPKKDYLLTLGRTI
DKVADLMRSKLAPHKVAATIKGGSLGKGTAVKQMADADLLFPLGGIGSVKELSAKLPEILKTLQSALDR
SEHKVTSIKKTPFTIQFQISIDGVLQDVDLLPIVDLGIQHLTKENLKPVYTEMKKHENLRDYYMKCLSF
LOVNFVKQQPPKVKSVIRLLKYWIKTKQHKLKSYGAELLVIKAYEDLGSPSSVREEDMAIKVFEKLTDL
KSLKVSWTKYEFDPKNFNVPSAPYILDPACPYHNLIRQKSGGIDEKYVYLERDAKKILKVLKDQDYRSKR
GEL

>AmeOAS
MTMITPSSETIWTSFEFFESREARHCVGTREFGHYGRGOVKAAVDTICAFLKENCYRGPNSKIKVLKVVKG
GSSAKGTALKVGSDADLVVFLDCFHSYNDQYRMRKEITEEISKKLEECKREKQFEVQIEKTKWKNPRVL
SFCMRSTKVPDFIDFDVLPAYNALGQLISGYKPPPEVYLRLIRDASPGENFSSCFTELQREFIISRPTK
VKSFIRLVKHWYKTKLHGNRNVPPKYAFELLSIYAWEKGSNGQPREFNMAQSFRNFLELICNYCELCVWW
TENYNLYDNAELGEFLEEQIEKPRPVILDPADPTGNEFGVGYNWELVAIEAESCLSTMRYRTSAEQIRDF
RDLPPTLPDSLISRRPRYVPQSKSWSTDADNESSPPPTQQOEASGTYCTIL

The linker sequence is underlined.

>LerOAS
MDLYQVLPGDLDTYIYKYLQPDERFLNQVAETIDKICTFLKEQCPYKISKAVKGGSLGKGTAVKNGSDA
DLVVFLNNFKSFKDQTGNRTEILRDICGLLLKYEKNIGHQIKMTPPKQONSRSLNFQFKSTRSSDEFVEVD
VLPAFDALGQVTRTRAQVYEALIAAGESGGEFSPSFTELQRDFVKERPTKLKSLIRLVKYWYTEHVQRP
YKPQLRSDKDLPPKYALELLTIYAWESAGKGEDFSTAEGFCTVLELIVQYKHLCIFWTTNYSVDSSCIA
KCLKNKLKEPKPIILDPADPTGNVAAAARWDLVAAAAKCCLQQICVKDVNSWDVKPVKPFEITVTALGG
NSLRLTANIYFEVSELKRYIQONWTIPVSQQRLVFSGTNLDDGKTLLDAMIFEFDATIQLLVTIGIFEFVNY
NGSKVPIQVLLNDTVSSLKTIEPLKTLQPSQYYLTFQSRPLEDDRTLDYYNINQQSIIDVNLRLRGGSE
LOCEFNANSMFLPSPHIM



ABSTRACT

2'.5'-oligoadenylate synthetases (2-5A synthetases, OASs) are the enzymes that
belong to the nucleotidyl transferase family. In several aspects OASs are
distinct from other members of this large enzyme family. They catalyse the
synthesis of 2',5'-phosphodiester linkages instead of the formation of the 3',5-
linkages catalysed by most of the nucleotidyl transferases. Furthermore, they
are able to initiate the synthesis of oligoadenylates from ATP without requiring
any primer. In the case of mammalian OASs it has been shown that they require
the binding of a cofactor, dsSRNA, for the assembly of their active sites. It is in
contrast with the constitutively active nucleotidyl transferases, which are locked
in the enzymatically active conformation by the amino acid residues fixed in
their protein cores.

Originally, the OASs were believed to be present only in higher vertebrates.
Surprisingly, the OAS activity was later discovered in marine sponges and the
genes containing OAS-specific conserved regions were cloned from sponges.
To date, the presence of OAS genes has been bioinformatically predicted in the
genomes of animals from many phyla. However, the OAS activity had been
demonstrated only in higher vertebrates and sponges. No information was
available about the presence of the OAS activity in animals belonging to the
phyla that diverged between sponges and vertebrates.

In this work, bioinformatically predicted OASs from several distantly
related multicellular animals as well as a unicellular organism were produced as
recombinant proteins. The activity assays proved that the OASs from the
marine sponges Geodia cydonium and Tedania ignis, the mollusk Mytilus
californianus and the little skate Leucoraja erinacea were capable of catalysing
the synthesis of 2'5'-oligoadenylates from ATP. These results show that
enzymatically active OASs are widely distributed among multicellular animals,
even in the Protostomia branch. The recombinant OAS protein from the
unicellular organism, the choanoflagellate Monosiga brevicollis did not exhibit
enzymatic activity.

The characterization of enzymatic properties of the recombinant OASs
demonstrated that the sponge OASs differ from the mammalian enzymes. Their
activation requirements, as well as product pattern were different from those of
mammalian OASs. Surprisingly, the sponge OASs catalysed the formation of
3'.5'-phosphodiester linkages in addition to 2',5'-linkages. The linkage tolerance
of the sponge OASs may be due to the differences in their active site structures
if compared to those of mammalian OASs. Some evidence was found that the
cofactor, dsSRNA may also have a role in determining the 2'- and 3'-specifities of
sponge OASs. The variation in the enzymatic characteristics, observed between
the OASs from two sponge species, G. cydonium and T. ignis, was not
unexpected considering the diversity of their primary structures. The other
OASs studied, those from the mollusk and the little skate, resembled
mammalian OASs in their activation properties and linkage specificities.
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The genomic structure of OAS genes from sponges was determined. It was
substantially different from that of mammalian OASs, since their numbers of
introns as well as the intron positions relative to the conserved amino acid
motifs did not coincide. These data do not support the idea of a direct intron-
containing common ancestor of mammalian and sponge OASs, but rather
indicate that the early radiation of OAS genes has occurred.

Based on the obtained results, the existence of two subgroups of OASs, the
sponge type OAS and the mammalian type OAS, was proposed. The analysis of
genomes of distantly related animals from several animal phyla showed that
both types of OAS genes are represented throughout the evolutionary tree of
multicellular animals.
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KOKKUVOTE

2'.5'-oligoadeniilaadi siintetaasid (2-5A siintetaas, OAS) on ensiiiimid, mis
kuuluvad nukleotidiiiiltransferaaside perekonda. Nad erinevad teistest selle
ensiilimiperekonna litkmetest mitmete omaduste poolest. Nimelt kataliilisib
OAS 2'5'-fosfodiestersideme, aga mitte 3',5'-sideme teket nagu enamik
nukleotidiiiiltransferaase. OAS on vdimeline alustama oligoadeniilaatide
stinteesi ATPst ega vaja selleks praimerit. Imetajate OAS puhul on ndidatud, et
need ensiiimid vajavad oma aktiivsaitide kokkupakkimiseks kofaktori —
kaheahelalise RNA — juuresolekut. See eristab neid konstitutiivselt aktiivsetest
nukleotidiitiltransferaasidest, mis on pisivalt lukustatud aktiivsesse
konformatsiooni.

Algselt peeti 2-5A siintetaase omaseks ainult korgematele selgroogsetele
loomadele (imetajatele, lindudele ja roomajatele), kuid hiljem avastati 2',5'-
oligoadeniilaate siinteesiv aktiivsus ka merekdsnades — evolutsiooniliselt kdige
alamates hulkraksetes loomades. Merekédsnadest kloneeriti geenid, millelt
kodeeritavad valgud sisaldasid oligoadeniilaadi siintetaasidele iseloomulikke
konserveerunud piirkondi ja motiive. Praeguseks on OAS geenide olemasolu
ennustatud mitmesse erinevasse hoimkonda kuuluvate loomade genoomides,
aga vastavat enslimaatilist aktiivsust on seni detekteeritud vaid korgemates
selgroogsetes loomades ja kdsnades.

Kéesolevas t60s toodeti bioinformaatiliselt ennustatud 2',5'-oligoadeniilaadi
siintetaasid rekombinantsete valkudena mitmest, iiksteisest evolutsiooniliselt
kaugest hulkraksest loomast, samuti ainuraksest organismist. Rekombinantsete
valkudega 1dbi viidud ensilimaatilise aktiivsuse katsed tOestasid, et
merekdsnadest Geodia cydonium ja Tedania ignis, molluskist Mytilus
californianus ning raist Leucoraja erinacea kloneeritud OAS oli vdimeline
kataliiisima 2',5'-oligoadentilaatide teket ATPst. Need tulemused néitasid, et
ensiimaatiliselt aktiivne OAS on hulkraksete loomade hulgas laialt levinud ning
esineb isegi esmassuuste harus. Ainurakse organismi Monosiga brevicollis OAS
ensiimaatilist aktiivsust ei dnnestunud tuvastada.

Rekombinantsete OAS valkude iseloomustamine néitas, et kédsnade
oligoadeniilaadi siintetaasid erinevad oluliselt imetajate vastavatest ensiilimidest
oma aktivatsiooniomaduste ja siinteesitavate produktide poolest. Selgus, et
kdsnade OAS Kkataliiiisib lisaks 2',5'-sideme tekkele ka 3',5'-fosfodiestersideme
teket. Kataliilisitava reaktsiooni mittespetsiifilisus voib olla tingitud sellest, et
kdsna OAS aktiivtsentri struktuur erineb imetajate omast. Katsed néitasid, et ka
aktivaatorina kasutatav RNA vodib osaleda kisna oligoadeniilaadi siintetaaside
2'- vai 3'-spetsiifilisuse madramises. Erinevatest kdsnaliikidest périnevatel OAS
valkudel on erinevad enstiimatilised omadused, mis ei ole ullatav, arvestades
kdsnade OAS primaarstruktuuride varieeruvust. Samas sarnanevad molluskist ja
raist kloneeritud OAS valgud oma aktivatsiooniomaduste ja kataliilisitava
sideme spetsiifilisuse poolest imetajate ensiilimidega.

To6 kdigus médrati kdsna OAS geenide ekson/intron struktuur ning néidati,
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et see erineb oluliselt imetajate OAS geenide struktuurist. Kidsnade ja imetajate
OAS geenid erinevad omavahel intronite arvu poolest; intronite paiknemine
konserveerunud aminohappejérjestuse motiivide suhtes on samuti erinev. Need
tulemused ei kinnita varem vélja pakutud hiipoteesi, et imetajate ja kédsnade
oligoadeniilaadi siintetaasid on arenenud {iihisest introneid sisaldavast eellasest,
vaid viitavad pigem sellele, et juba varase evolutsiooni kdigus on toimunud
OAS geenide lahknemine.

Kéesolevas t60s saadud tulemused niitavad kahe OAS alamriihma (kdsna-
tilip ja imetaja-tiitip) olemasolu. Erinevatesse hdimkondadesse kuuluvate
loomade genoomide analiilisi pdhjal v3ib viita, et mélemad eespool nimetatud
OAS tiiiibid on hulkraksete loomade seas levinud.
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