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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  β and sometimes 
referred to as the pol  β superfamily (Aravind and Koonin, 1999; Betat et al., 
2010).

Members  of  this  family include  DNA polymerases  β,  μ  and  λ,  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 β 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 α-helix in Class II 
NTs. Class I consists of DNA pol  β, 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 rNTs (NRM 2) is hx[I/L/V][E/Q][E/D/N]Phx4N (where 
x is any and h is a hydrophobic amino acid). Non-canonical rNTs include PAPs 
and PUPs from the Cid1 family, terminal uridylyltransferases (TUTs) and OASs 

11



(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 II 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  β 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 polβ superfamily. Their catalytic 
site  is  located  between the  classic  β-sheet  domain  and the  α-helical  bundle 
domain (Fig. 1). The latter is unique to the template-independent rNTs (Torralba 
et  al.,  2008).  The  β-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 β 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 β-sheet 
and two α-helices. The central domain, however, was not homologous to the pol 
β 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 β-sheet.  The  C-terminal  domain  of  PAP 
acquired a compact globular structure consisting of a four-stranded antiparallel 
β-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  
β-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  β-sheet 
flanked by α-helices and corresponds to the catalytic domain of PAP and other  
NTs.  The  neck  domain  consisting  of  mixed  β-sheets  and  α-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 Cid1 with bound UTP (D; PDB ID: 4FH5). 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 PyMOLTM Molecular Graphics System.
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The non-canonical polymerases Trf4p (for DNA topoisomerase related function, 
a  poly(A)  polymerase)  and  Cid1  (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 polβ 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 (dsRNA 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]x7-13[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 β-strand 2 and together with the third aspartate 
or  glutamate  residue,  located  on  the  spatially  adjacent  β-strand,  form  the 
catalytic triad (Fig. 2). Their side chains are directed towards the central cleft  
where  they  coordinate  two  catalytic  divalent  metal  ions,  Mg2+ or  Mn2+. 
Conserved residues from the helical turn motif (P-loop) between the β-strands 1 
and 2 as well as from two central domain α-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 α-
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  α-
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 α-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  (Ser102  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 Mg2+-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 PyMOLTM Molecular Graphics System.

15



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  α-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 
MgPPi

2- (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 polβ 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 Cid1 family PUPs, a histidine residue in the 
NRM was shown to be important for the UTP selection; in Cid1 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  Cid1  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).

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'-OAS1-OAS3-OAS2-3'-telomere  and 
have the same orientation of transcription (Fig. 3; Rebouillat and Hovanessian, 
1999; Hovanessian and Justesen, 2007). The distance between OAS1 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 OAS1 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).  OAS2 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, 
p56/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).

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 
OAS2 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 group1
OAS1 exon1   ----MMDLRNTPAKSLDKFIEDYLLPDTCFRMQINHAIDIICGFLKERCF---RGSSYPVCVSKVVK
OAS2 exon1   MGNGESQLSSVPAQKLGWFIQEYLKPYEECQTLIDEMVNTICDVLQEP--------EQFPLVQGVAI
OAS2 exon6   ----PAPLFTTPGHLLDKFIKEFLQPNKCFLEQIDSAVNIIRTFLKENCF---RQS---TAKIQIVR
OAS3 exon1   -----MDLYSTPAAALDRFVARRLQPRKEFVEKARRALGALAAALRERGG---RLGAAAPRVLKTVK
OAS3 exon6   *PGMALDLSQIPTKELDRFIQDHLKPSPQFQEQVKKAIDIILRCLHEN---------CVHKASRVSK
OAS3 exon11  ----PALLYQTPAGDLDKFISEFLQPNRQFLAQVNKAVDTICSFLKENCF---RNS--PIKVIKVVK
OASL exon1   -MALMQELYSTPASRLDSFVAQWLQPHREWKEEVLDAVRTVEEFLRQEHFQGKRGLDQDVRVLKVVK
                                                  
*OAS3 exon6 N-term.  GLPRAGCSGLGHPIQLDPNQKTPENSKSLNAVYPRAGRKPPSCPAPGPTGAASIVPSV

Exon group2
OAS1 exon2   GGSSGKGTTLRGRSDADLVVFLSPLTTFQDQLNRRGEFIQEIRRQLEACQRERAFSVKFEVQAPRWGNPRALSFVLSSLQLG-EGVEFDVLPAFDAL
OAS2 exon2   GGSYGRKTVLRGNSDGTLVLFFSDLKQFQDQKRSQRDILDKTGDKLKFCLFTKW----LKNNFEIQKSLDGFTIQVFTKNQR---ISFEVLAAFNAL
OAS2 exon7   GGSTAKGTALKTGSDADLVVFHNSLKSYTSQKNERHKIVKEIHEQLKAFWREKEEELEVSFEPPKWKAPRVLSFSLKSKVLN-ESVSFDVLPAFNAL
OAS3 exon2   GGSSGRGTALKGGCDSELVIFLDCFKSYVDQRARRAEILSEMRASLESWWQNPVP--GLRLTFPEQSVPGALQFRLTSVDLE-DWMDVSLVPAFNVL
OAS3 exon7   GGSFGRGTDLRDGCDVELIIFLNCFTDYKDQGPRRAEILDEMRAQLESWWQDQVP--SLSLQFPEQNVPEALQFQLVSTALK-SWTDVSLLPAFDAV
OAS3 exon12  GGSSAKGTALRGRSDADLVVFLSCFSQFTEQGNKRAEIISEIRAQLEACQQERQ--FEVKFEVSKWENPRVLSFSLTSQTMLDQSVDFDVLPAFDAL
OASL exon2   VGSFGNGTVLRSTREVELVAFLSCFHSFQEAAKHHKDVLRLIWKTMWQSQDLLDLG--LEDLRMEQRVPDALVFTIQTRGTA-EPITVTIVPAYRAL
              P-loop       DhDh                                                                     hDh

Exon group3
OAS1 exon3   GQLTGGYKPNPQIYVKLIEECTDLQ-KEGEFSTCFTELQRDFLKQRPTKLKSLIRLVKHWYQN
OAS2 exon3   -SLN--DNPSPWIYRELKRSLDKTNASPGEFAVCFTELQQKFFDNRPGKLKDLILLIKHWHQQ
OAS2 exon8   GQLSSGSTPSPEVYAGLIDLYKSSDLPGGEFSTCFTVLQRNFIRSRPTKLKDLIRLVKHWYKE
OAS3 exon3   GQAGSGVKPKPQVYSTLLNSGCQ----GGEHAACFTELRRNFVNIRPAKLKNLILLVKHWYHQ
OAS3 exon8   GQLSSGTKPNPQVYSRLLTSGCQ----EGEHKACFAELRRNFMNIRPVKLKNLILLVKHWYRQ
OAS3 exon13  GQLVSGSRPSSQVYVDLIHSYSN----AGEYSTCFTELQRDFIISRPTKLKSLIRLVKHWYQQ
OASL exon3   GPSLPNSQPPPEVYVSLIKACGG----PGNFCPSFSELQRNFVKHRPTKLKSLLRLVKHWYQQ
                                                                "LIRL"

Exon group4
OAS1 exon4   CKKKL-------GKLPPQYALELLTVYAWERGSMKT-HFNTAQGFRTVLELVINYQQLCIYWTKYYDFKNPIIEKYLRRQLTKPR
OAS2 exon4   CQKKIKDL----PSLSP-YALELLTVYAWEQGCRKD-NFDIAEGVRTVLELIKCQEKLCIYWMVNYNFEDETIRNILLHQLQSAR
OAS2 exon9   CERKLKPK----GSLPPKYALELLTIYAWEQGSGVP-DFDTAEGFRTVLELVTQYQQLCIFWKVNYNFEDETVRKFLLSQLQKTR
OAS3 exon4   VCLQGLWK----ETLPPVYALELLTIFAWEQGCKKD-AFSLAEGLRTVLGLIQQHQHLCVFWTVNYGFEDPAVGQFLQRQLKRPR
OAS3 exon9   VAAQNKGKGPAPASLPPAYALELLTIFAWEQGCRQD-CFNMAQGFRTVLGLVQQHQQLCVYWTVNYSTEDPAMRMHLLGQLRKPR
OAS3 exon14  CTKISKGR----GSLPPQHGLELLTVYAWEQGGKDS-QFNMAEGFRTVLELVTQYRQLCIYWTINYNAKDKTVGDFLKQQLQKPR
OASL exon4   YVKARSPR----ANLPPLYALELLTIYAWEMGTEEDENFMLDEGFTTVMDLLLEYEVICIYWTKYYTLHNAIIEDCVRKQLKKER
                               Sign.1

Exon group5
OAS1 exon5   PVILDPADPTGNLGGGDPKGWRQLAQEAEAWLNYPCFKNWDGSPVSSWILL
OAS2 exon5   PVILDPVDPTNNVS-GDKICWQWLKKEAQTWLTSPNLDN--ELPAPSWNVL
OAS2 exon10  PVILDPAEPTGDVGGGDRWCWHLLAKEAKEWLSSPCFKDGTGNPIPPWKVP
OAS3 exon5   PVILDPADPTWDLGNGAAWHWDLLAQEAASCYDHPCFLRGMGDPVQSWKGP
OAS3 exon10  PLVLDPADPTWNVGHGS---WELLAQEAAALGMQACFLSRDGTSVQPWDVM
OAS3 exon15  PIILDPADPTGNLGHNAR--WDLLAKEAAACTSALCCMGRNGIPIQPWPVK
OASL exon5   PIILDPADPTLNVAEGYR--WDIVAQRASQCLKQDCCYDNRENPISSWNVK
                  Sign.2

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 OAS1 contains two 
enhancer-like DNA elements, A (-159 to -122) and B (-109 to -87). They are 
both  required  for  the  IFN-induced  OAS1 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-β1 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  OAS1 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 I2),  a  putative GAS element,  an 
element resembling a NF-κB 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-κB site.  In 
addition to the classical elements of IFN-induced genes, the promoter of OAS3 
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 
Oas1 genes (Oas1a – Oas1h) (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 (Oasl1 and Oasl2) genes are located 6 Mb towards centromere (Mashimo 
et  al.,  2008).  Interestingly,  the  protein  encoded  by  Oasl2 possesses  2',5'-
oligoadenylate  synthetase  activity  while  the  protein  encoded  by  Oasl1 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  Oas1 
genes also have a similar exon/intron structure, but they are ordered differently 
– Oas1a, Oas1c, Oas1e and Oas1g are in the same orientation as human OAS1, 
while Oas1b, Oas1d, Oas1f and Oas1h are transcribed in the opposite direction 
(Fig. 3;  Eskildsen et al.,  2002; Mashimo et al.,  2003).  In contrast  to human 
OAS1 which encodes several alternative transcripts, the murine Oas1 genes are 
not  alternatively  spliced.  The  exception  is  Oas1a,  which  encodes  two 
transcripts differing in exon 6 (Mashimo et al., 2003). However, most of the 
murine  Oas1 genes  encode  enzymatically  inactive  proteins (Kakuta  et  al., 
2002). Two pseudogenes, Oas1i and Oas1j, were identified 5' of the Oas1d and 
between Oas1b and Oas1f, 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 4IG8; 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  β. 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 OAS1 in apo form (A, PDB ID: 1PX5) and 
of human OAS1 in complex with dsRNA (green), substrate analog 3'-dATP (red) and 
catalytic  Mg2+-ions (yellow spheres)  (B,  PDB ID:  4IG8).  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 PyMOLTM Molecular Graphics System.

The  N-terminal  catalytic  domain  consists  of  the  αββαβββ  motif  forming  a 
twisted five-stranded antiparallel  β-sheet.  The C-terminal  domain of OAS is  
formed  by a  four  helix  bundle  and a  three-stranded mixed β-sheet  with  an 
additional interstrand connecting α-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 β2 and Asp148 in the strand β5. 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 Mg2+ 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 β1 and β2 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  60GGSSGKG66 

which is well conserved among mammalian OAS proteins. The mouse OAS1a 
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 420SYTSQK428 and 541DLIRLVK547 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 
A5'ppp5'A as an acceptor molecule and measuring the Km 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 Km 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 OAS1 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  OAS1)  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  polβ  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 OAS1 likely exists in tetrameric form. 
OAS3 eluted as a monomer (Marié et al., 1990b). In the C-terminus of the p48 
OAS1 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 
et al., 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-α and IFN-β) and 
Type  II  (IFN-γ) 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-α or IFN-β than with IFN-γ (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-β, 
monocytes had greater OAS activity than lymphocytes or macrophages (Witt et  
al., 1990). Furthermore, one isoform of OAS1, 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 (μg/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 (μg/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 dsRNAs 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 WG) 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(I)·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 OAS1 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 (VAI) could 
also activate OAS, though it was 10-fold less effective than the perfect dsRNA 
poly(I)·poly(C).  The  VAI 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  VAI RNA, where the 
mismatches in the stem regions were repaired, were much better activators of 
OAS than the wt VAI 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 VAI RNA activates OAS1, 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 I 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 β 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 OAS1 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  Å 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 β-sheet floor slides 
towards helix N5. Two basic side chains, Lys66 and Arg195, 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 β1, continues with the dsRNA-induced helix N4 and ends with strand β2 
is referred to as RNA-induced catalytic structure (RICS) (Donovan et al., 2013).

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  β2  and Asp148 in the strand β5 face divergent directions and are 
unable to coordinate Mg2+ 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;  Marié  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 μg/ml 
of  poly(I)·poly(C),  while  OAS2  and  OAS1  required  significantly  higher 
amounts  of  dsRNA  for  their  maximum  activity  (Marié  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 OAS1 
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  β family was found to be structurally homologous to the  α-helical ATP-
cone, a nucleotide-binding regulatory domain of ribonucleotide reductases and 
other enzymes and transcription regulators. It was suggested that the pol  β 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).

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 Oas1b 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  (Díaz-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, 
2006).

RNase L-independent proapoptotic activity has been attributed to one human 
OAS1 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 Bcl-xL (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 OAS1 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  OAS1 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  OAS1 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 (Müller  and  Müller,  2003)  and  a  freshwater  sponge 
Lubomirskia baicalensis (Schröder 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 OAS1, 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 OAS1, 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 
OAS1-related  groups.  Next  the  duplication  of  the  cromosomal  segment 
containing those two genes occurred. One OAS1-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 OAS3 gene (Kumar et al., 2000; 
Perelygin et al., 2006). This model explains why modern OAS1 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).

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

The  OAS1 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  OAS1.  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 OASL1 and OASL2 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  Oasl2 
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 OAS3 gene originated 
after the OAS2 gene. The OAS2 gene was found in the possum genome and it is 
assumed that the OAS3 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  (Müller, 
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 Wörheide,  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 
lineages  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 Wörheide, 2013). 
The current consensus view of the relationships between the metazoan lineages 
is presented on Fig. 10.

Figure 10. Current consensus view of phylogenetic relationships of the major metazoan 
lineages  (Dohrmann  and  Wörheide,  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 
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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 aff. 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  L929 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;  Müller  and  Müller,  2003;  Schröder  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 OAS1a 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; Schröder 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  (Schröder 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; Müller
and Müller, 2003; Schröder 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; Müller and Müller, 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).

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 Schröder 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  T.  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  T.  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_I51A_F  primer  in 
combination  with  the  vector  specific T7  terminator  primer.  The  PCR  was 
carried out in a 50 μl 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 GeneJetTM Gel Extraction Kit (Fermentas). 
Second PCR was performed in a 50 μl final volume containing 1 μl 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 NcoI and HindIII. 
Then it was again excised from gel and purified using GeneJetTM 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 A75I mutation into SscOAS using 
mutagenic primers
SscOAS_A75I_F  (5'-AGGGGCCGATCAGATATTGACCTCGTCGTCT-3') 
SscOAS_A75I_R  (5'-AGACGACGAGGTCAATATCTGATCGGCCCCT-3'). 
After  precipitation,  the  ends  of  the  PCR  product  were  cut  with  NcoI  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 

(GcyOAS)  could  be  produced  as  a  soluble  protein  in  the  bacterial 
expression system.

• The recombinant GcyOAS 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 

OAS 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.
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• Based on the amino acid sequences, the OAS from T. 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 
GcyOAS.

• 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 
I51A  mutant  of  TigOAS  and  the  A75I  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 II and III)

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 
OASs is predicted on the basis of the available sequencing data (Grebenjuk et 
al., 2002; Reintamm et al., 2003b; Schröder 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  T.  
ignis shares  17%  identity  and  26%  similarity  with  the  human  OAS1  p42 
isoform and 19% identity and 29% similarity with the mouse Oas1a. 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;  Müller  and  Müller,  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, AmpOAS1B and AmpOAS1C, 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 T. 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 (Müller 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 II, 
Fig. 1).

Also, the arrangement of the OAS genes in  A. 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  OAS1B and  OAS1C)  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 A. queenslandica 
gene structures and genome organization in general show marked conservation 
relative to other animals (Srivastava et al., 2010).
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Hsa       -------------------------------------MMDLRNTPAKSLDKFIEDYLLPDT
Lgi       -----------------------------------MATGVPGIRVGETLESFIDRQLRAPE
Bfl1      ------------------MAIILIATLFLFSRASADIKDFLDSCKPADVHRYISDHLQPDE
Sko       ---------------------------MAAYHSGSKP-DFLQIS-PHNLESFVVDHLQPTT
Pmi       ----------------------------MPSANNEPWCSHPSKLETWYNESIQKGTTSFDT
Nve       -------------------------------------------MDTAELNKYITENLRASD
Adi       -----------------------------------------DFSNSSTVNSFISGTLQLDE
Bfl2      -------------------------------------------------------------
Cte       -------------------------------------------------------MEARPS
Gcy       ------------------------------------MASPVPP-GDVPIPNLTDANCAVKE
Tig       ------------------------------------MASPLIP----------EANQAVYT
Mle       ----MNQLRQSFQGSLDAPLDARLQSTTIERSVGEHPDFSVDGPDVRLQVNLSEGSIVRPE
Pba       -----MQLQQSFQGALDAPLDARLQSATIQNSVGAHPDFSVEGPDVKLQVNLAEGNLVKPE

Hsa       CF-RMQINHAIDIIC----GFLKERCFRGSSYPVCVSKVVK-GGSSGKGTTLRGRSDADLV
Lgi       AY-RERMSQAVESIVRHLQH----------MPNYSIKEVVK-SGSLGKGTTVGNNADADLV
Bfl1      SY-RNECSSVVDHLARFFKT----------GSDFTVNRFIK-GGSLGKGTALKSKSDVDVV
Sko       EYNRVAEDLIDRLVNYLQHNV---------GY--SVNRVVK-SGSFGKGTQVKDSADLDCI
Pmi       TC-REAVDDIVRSIHRLCSED---------GDMFNVSKIVK-GGSLGKGTMVQNFSDVDLV
Nve       TL-KDHASEALDAIFKKIQE----------DDKLQIRELVK-AGSLAKGTALKDSSDLDCV
Adi       AN-RKAVSESVDVLYRYLQQN---------LPSLSINMLVK-GGSVGKGTAVKDKADIDCV
Bfl2      ---------LVPRMIAFLE-S---------SLPFDVTKVVV-GGSYGYDTLVKSRNDVDLF
Cte       PVDLSKQREIVSAICKFLQ-H---------RLPVRVSSILE-TGSLGKGTATRSRMDVDLV
Gcy       IVEC-------------IQ-SLQSYSVGEEQVGFSVRDIIK-AGSLGHGTSVEGNYDIDLV
Tig       IVRT-------------LQ-DGR-------PEGLVVDEVIK-GGSMGHGTTVPGDYDIDIV
Mle       LVRYEDYRETIEQIIDFCKT----------SLPFRVSRVAK-GGSLGHDTATKSRSDIDLV
Pba       IVRFEDFKETIDLIVDFCKN----------NLPFRVSRVAR-GGSLGHDTACKSRTDIDLV
                                                     P-loop       DhDh 

Hsa       VFLS-PLTTFQDQLNRR---GEFIQEIRRQLEACQRER-------AFSVKFEVQAPRWGNP
Lgi       IFFN-GYQTMEELIA-------AKPKIIFDISTYMNRFDRSVFSAC-------I-KLRENG
Bfl1      MFIS-ELPAIRS----FNYSDKLRMQLDALESTLQRPWQS-IRNAAIGIGFRVA-VVGRTN
Sko       MVIN-ELNGLDD----LLHRSRTIIGNLKNGVEK-----------ASWAYSIQN-VKTTRF
Pmi       AFIN-PPYLQSIQAVGPQRYRQQLGEVIRTIEAALRRE-------AWSFQHRVE-DISSST
Nve       MIMN-GIETVAD-------LKKKLPDIQEQVSACLRNP-------PP--AWKIE-DLWNSR
Adi       VFLN-NVKTMKE-------HQRKLQDTKDDLESCLKQS-------PY--RKVIT-IKQQTK
Bfl2      VFSK-ELPKA-----G---HVMWMPSVMKAVEALIRDCNK-G------QIPECT-DFTTSK
Cte       VFSP-DLPKS-----G---QNMWMQPLLHACRNFLETASAN-GE-TFAPFAKCV-DFHVTP
Gcy       VYST-EISAYDVLRAES-HFQPWLRRIYHFLANN----LKG--F-K----FEAL-KNRSLQ
Tig       IYSR-SVDPQELARNG---PRRWLKIFAEHLEER----NPG--K-L----WD----KEYLP
Mle       LYSE-DLPKN-----G---HARWLPSIIAALASLLKDAQKMLTK-AEKPLPKLT-LIATTQ
Pba       LYSE-DIPKT-----G---QPRWLPSIITALAQLIRDAPKILTR-SEKHLPPIT-MVSTTP

Hsa       RALSFVLSSLQ-LGEGVEFDVLPAFDAL-GQLTGGYKPNPQIYVKLIEECTDLQKEGEFST
Lgi       YLGQYKLKHIA-TNTFVEVDILPALDVVAL-RGS-VE---GVIEE-MRYK-PQIVRGHYSV
Bfl1      YAVKLRVQSLKPDHKPHDVDLLLTSDLLGPTPS-N-SKIKDVYEM-MATM---NFYGYARE
Sko       AVQFDVTTKADGKTNTMSVDLLPTFDALGQHSS-Q-DQRYRAYNEAMTYI-GSDKVNYYSV
Pmi       FRVQFTIVVGN---LPLKVDLLPTAS--SPPGV-EG---P-VFET-MLTQ-SSWDREFYSV
Nve       FAVQFKFKMKHWLHGEVEVDLLPTFQ--ADVES-YE-GRRKLYSQ-MHREKGKDILKYYSA
Adi       FAVRFCLD----LSREFEIDLLPTFS--TDQSL-E----ELYKE--MIGC-TPEDRKYYSA
Bfl2      FSVGFTC-------QGIEFTVFLTHDWESERAGGYT---RLYDESMRQR-NSENRRM-YSW
Cte       VALQFTC-------GSLDVDVVISRDWDSDESG-YDA---LYEFSCKEN-TPRTRQL-LSF
Gcy       FIYHHTSS------CVIKVDLLVSPYWESCED--------FYNFLKK-I-PEDKRTI-FTV
Tig       HAFRFNFE------RKIKVDMLISPFWQRSSD--------LYRFLQERL-SARERFN-FSM
Mle       YSVQFTV-------GDLDVDLIPCYDWRNDYSS-TN----LYQ--TIKEE-RPMDYIWYLS
Pba       YSVQFTCG------GDLDVDLIPCFEWKNAYES-GE----LFR--TVKEQ-RPADYIWYIS
                            hDh                                        

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),  Gcy  –  Geodia  cydonium 
xxxxxxx
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Hsa       CFTELQRDFLKQRPTK-LKSLIRLVKHWYQN-CKKK-L--GKLPPQYALELLTVYAWER-GS
Lgi       CFCKEQLRLIRAKPAK-VKDLIRLMKYWKN-SNSLP-------IRSYCCEVVCLYVHDKFLG
Bfl1      NCSAALVAFVKKQPAE-VKDLIRLVKMWK-SSCVR-----EPSLTSYPLELLCIHTWPS-CG
Sko       ALGQLQVDFVRGQPTR-VKNLIRLVKYWRKEVMLKKANRDFMYPTSYPMELITIYTWQN-AG
Pmi       SFVKSQVDFVKNHPGC-VKELIRLVKYWVYTELP------EELQKSYPLELITIFRWQR-AG
Nve       AACKLQRDFIKELPSN-VKDLILLVKKWRKNYQLG--------LSSYFMELVVVHEWQK-AK
Adi       HFVGLQVEFVKGQLPI-VKDLIRLVKYWRKTCIED--TSGTRLPSSYPLELITIHCWEE-AG
Bfl2      AAARRQRQFILDQEED-VRDVIKVVKHWRNGVDWA---DKSRRPSSYLLSLLVVKAYQNAQV
Cte       ASAKLQKKFVHDQPSE-VKELMKVLKHWRQCIQWK---KASFRPNSYLLELLVIKAVEEIRH
Gcy       CASRWQREFMSRQPPI-VKNFIRQAKKWRD-DTWPEGKGCEGRPSSYLISLLVIKAYNIARS
Tig       SASKWQVDFFKDQPNQ-VKEFIRRAKAWRN-KKWA---GQAGKPKSYLLSVIVLRAYERAKG
Mle       AACEKESDFIRKQPIK-IKDMIRMVKHWRNGILWK---DQFHRPSSLLLSLLVIGAHEDLVK
Pba       ANCEKESDFIRKQPIK-IKDMIRMVKHWRNGILWK---DQFHRPSSLLLSLLVVGAHESLVK
                             „LIRL“                     Sign.1          

Hsa       MKTHFNTA-----QG----------------FRTVLELVI---------NYQQLC--IYWT-
Lgi       QQTNFNMK-----EG----------------FNRVLRFLI---------ETQTLH--TVID-
Bfl1      T-----VA-----GA----------------FKAVLEKLS---------DHKRIC--AYWT-
Sko       KQASFDMA-----EA----------------FKAVLMRLM---------NYSSLD--IAWY-
Pmi       RPVSFDKA-----VG----------------LKSVLMGLL---------NIRGLR--TYWK-
Nve       KPERFDTK-----KG----------------FKAIMEALY---------NYEELY--AMWD-
Adi       KPESFDIR-----AG----------------FKAVLQQLV---------EYCGIN--VRWY-
Bfl2      IKGVNIRPPPIDEEGFFMR-EPDPVVPENPLEFPTMAETLSAFITLVKDLDRAMTR-LSWN-
Cte       -YDMKKVI---EKVG---------------------------SYV-----LCPELS-ITWS-
Gcy       QR-------ISFAEG---------------------------IIGLV--HRE-MLN-VHWGR
Tig       KGDTYIAWN-TTAE----------------------------VKTIV--HRHQSAD-IYWE-
Mle       KGVSNLL---ITPE-------------------SMLQRLTEMIQ-----RKHELR--LEWS-
Pba       EGVSNLL---ITAE-------------------TLLQRLTDMIQ-----RKHELR--LEWS-

Hsa       ----------KYYDFKNPIIEKYLRRQLTKPR-PVILDPADPTGNLGG-GDPKGWRQLAQEA
Lgi       ----------------------PMYYYNTRDW--FSVFPTLQEAARIRQVAKQTVAALG*--
Bfl1      ----------DNYPFDR-------MLTMLRRH-PLILDPANPYNNVADRC--RDWDAVARAA
Sko       ----------ENYNQALA-----AQAKSKMTR-PILLDPANPTNNVFSLSNPPA--LEHMSE
Pmi       ----------GQYYKEIA---RDVFRNLPQRG-PILLDPVNPTNNVLKVYQEDDSKVEEMRR
Nve       ----------KYYEKKDV------PREIIQT-RPLVLDPANPTNNLCEGIAQEKWDELEEAA
Adi       ----------INYDRDSH---KGRIKRMSKS-RPFVLDPANPTNNVCSASDPEGWKIVADVA
Bfl2      ----------KFYEPPSF------RIEHMTT-LPVVQDPANPAINVAE-F-LGTWASFHTET
Cte       ----------TFYNPGKY------HVEFDPP-TPLVRDPANPGVNVAE-S-LNYWGEFRSEY
Gcy       RGKKKQDMKNRFYTPKQQ------IKL-LPS-RPRVIDPANPANNVWVSG-IAGYKPGERAG
Tig       ----------EYYRKQDY------PSLFPQY-TPRIVDPANPSNNLHETG-ISGPSNTKAND
Mle       ----------THYSESTR------GMFPMKT-CPVVRNPSNPSDNVAETG-LQNWTQFPGEF
Pba       ----------TFYNETTR------GMFPMKK-CPVVRNPSNPSDNVAETG-LPNWAQFPGEF
                                               Sign.2                   

Hsa       EAWLNYPCFKNWDGSPVSSWILL-AESNSADDETDDPRRYQKYGYIGTHEYPHFSHRPSTLQAAS...
Lgi       --------------------------------------------------------------
Bfl1      RETLQKPFFRYV*-------------------------------------------------
Sko       LARDTMQKPLLRGVSINYPWNK*---------------------------------------
Pmi       AVRTTLRSKSMKKVVIRRRKSWLKLKLTN*--------------------------------
Nve       KMTLDSPFLQSTHVTPNWK*------------------------------------------
Adi       DMTRKRKPLADITVTKNWKI*-----------------------------------------
Bfl2      MLWAQKLGL*----------------------------------------------------
Cte       SIWMKSLGIVLKSGS*----------------------------------------------
Gcy       NYDGGDGNHKPLLDKIHTITEYFTFLSLK*--------------------------------
Tig       YGEGGGRWDNFVRFVDSLDLTKSVDEIH*---------------------------------
Mle       TRWAHFIGVVKNRGTMVAKQEKLNQIVHRLSSAF*---------------------------
Pba       TRWAHFIGVVKTRGTMAAKQAKLNQIAARMSSGF*---------------------------

(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 (Schröder 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  AVPN01000435,  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 ACQM01042178, bases 3815-7095, respectively).
   Surprisingly,  the  exon/intron  structure  of  the  gene  (GenBank  accession
AMQN01017518, 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 
III)

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  T. 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 dsRNA, 
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 III)

All  known  vertebrate  OASs  are  produced  as  latent  enzymes  and  require 
activation by their  cofactor,  dsRNA. For  studying  the enzymatic  activity of 
OASs in  in vitro assays,  the synthetic dsRNA, 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  GcyOAS (Publication I,  Fig.  4 and 5).  
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 GcyOAS-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  pI  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 GcyOAS.

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  T. 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 
μg/ml to more than 500 μg/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 GcyOAS and by the poor activation of TigOAS. It is  likely that the 
RNA recognition by the sponge OASs differs from that exhibited by vertebrate 
OASs. 
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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 αN2
and  αN3,  strand  β1  and  in  the  helix  αN4  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  αN2  and  αN3  in
human OAS1 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 dsRNA 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 GcyOAS-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; Schröder 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 Mg2+-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 β-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 β-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 A75I mutant. 
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Similarly, the corresponding isoleucine was mutated to alanine (TigOAS I51A 
mutant) in the OAS from T. 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 I51A mutant of TigOAS and the A75I 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  T. 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(I)·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 
III. 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).

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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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, dsRNA, 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, dsRNA 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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KOKKUVÕTE

2',5'-oligoadenülaadi  süntetaasid  (2-5A süntetaas,  OAS)  on  ensüümid,  mis 
kuuluvad  nukleotidüültransferaaside  perekonda.  Nad  erinevad  teistest  selle 
ensüümiperekonna  liikmetest  mitmete  omaduste  poolest.  Nimelt  katalüüsib 
OAS  2',5'-fosfodiestersideme,  aga  mitte  3',5'-sideme  teket  nagu  enamik 
nukleotidüültransferaase.  OAS  on  võimeline  alustama  oligoadenülaatide 
sünteesi ATPst ega vaja selleks praimerit. Imetajate OAS puhul on näidatud, et 
need  ensüümid  vajavad  oma  aktiivsaitide  kokkupakkimiseks  kofaktori  – 
kaheahelalise RNA – juuresolekut. See eristab neid konstitutiivselt aktiivsetest 
nukleotidüültransferaasidest,  mis  on  püsivalt  lukustatud  aktiivsesse 
konformatsiooni.

Algselt  peeti  2-5A süntetaase  omaseks  ainult  kõrgematele  selgroogsetele 
loomadele  (imetajatele,  lindudele  ja  roomajatele),  kuid  hiljem avastati  2',5'-
oligoadenülaate sünteesiv aktiivsus ka merekäsnades – evolutsiooniliselt kõige 
alamates  hulkraksetes  loomades.  Merekäsnadest  kloneeriti  geenid,  millelt 
kodeeritavad  valgud  sisaldasid  oligoadenülaadi  süntetaasidele  iseloomulikke 
konserveerunud piirkondi ja motiive. Praeguseks on OAS geenide olemasolu 
ennustatud  mitmesse  erinevasse  hõimkonda  kuuluvate  loomade  genoomides, 
aga  vastavat  ensümaatilist  aktiivsust  on  seni  detekteeritud  vaid  kõrgemates 
selgroogsetes loomades ja käsnades.

Käesolevas töös toodeti bioinformaatiliselt ennustatud 2',5'-oligoadenülaadi 
süntetaasid  rekombinantsete  valkudena  mitmest,  üksteisest  evolutsiooniliselt 
kaugest hulkraksest loomast, samuti ainuraksest organismist. Rekombinantsete 
valkudega  läbi  viidud  ensümaatilise  aktiivsuse  katsed  tõestasid,  et 
merekäsnadest  Geodia  cydonium ja  Tedania  ignis,  molluskist  Mytilus  
californianus ning  raist  Leucoraja  erinacea kloneeritud  OAS oli  võimeline 
katalüüsima  2',5'-oligoadenülaatide  teket  ATPst.  Need tulemused  näitasid,  et 
ensümaatiliselt aktiivne OAS on hulkraksete loomade hulgas laialt levinud ning 
esineb isegi esmassuuste harus. Ainurakse organismi Monosiga brevicollis OAS 
ensümaatilist aktiivsust ei õnnestunud tuvastada.

Rekombinantsete  OAS  valkude  iseloomustamine  näitas,  et  käsnade 
oligoadenülaadi süntetaasid erinevad oluliselt imetajate vastavatest ensüümidest 
oma  aktivatsiooniomaduste  ja  sünteesitavate  produktide  poolest.  Selgus,  et 
käsnade OAS katalüüsib lisaks 2',5'-sideme tekkele ka 3',5'-fosfodiestersideme 
teket. Katalüüsitava reaktsiooni mittespetsiifilisus võib olla tingitud sellest, et  
käsna OAS aktiivtsentri struktuur erineb imetajate omast. Katsed näitasid, et ka 
aktivaatorina kasutatav RNA võib osaleda käsna oligoadenülaadi süntetaaside 
2'- või 3'-spetsiifilisuse määramises. Erinevatest käsnaliikidest pärinevatel OAS 
valkudel on erinevad ensüümatilised omadused, mis ei ole üllatav, arvestades 
käsnade OAS primaarstruktuuride varieeruvust. Samas sarnanevad molluskist ja 
raist  kloneeritud  OAS  valgud  oma  aktivatsiooniomaduste  ja  katalüüsitava 
sideme spetsiifilisuse poolest imetajate ensüümidega.

Töö käigus määrati käsna OAS geenide ekson/intron struktuur ning näidati, 
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et see erineb oluliselt imetajate OAS geenide struktuurist. Käsnade ja imetajate 
OAS geenid  erinevad omavahel  intronite  arvu  poolest;  intronite  paiknemine 
konserveerunud aminohappejärjestuse motiivide suhtes on samuti erinev. Need 
tulemused ei  kinnita varem välja pakutud hüpoteesi,  et  imetajate ja  käsnade 
oligoadenülaadi süntetaasid on arenenud ühisest introneid sisaldavast eellasest,  
vaid viitavad pigem sellele,  et  juba varase  evolutsiooni  käigus on toimunud 
OAS geenide lahknemine.

Käesolevas töös saadud tulemused näitavad kahe OAS alamrühma (käsna-
tüüp  ja  imetaja-tüüp)  olemasolu.  Erinevatesse  hõimkondadesse  kuuluvate 
loomade genoomide analüüsi põhjal võib väita, et mõlemad eespool nimetatud 
OAS tüübid on hulkraksete loomade seas levinud.
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