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INTRODUCTION

Ability to replicate and evolve are two distinct features of all living entities. Duplica-
tion of genetic information is carried out by replication proteins. Composition of DNA
replication machinery is similar in all free-living cellular organisms. In contrast, replica-
tion in double-stranded (ds) DNA viruses is very diverse. It is well studied in T7 and T4
phages, herpes, polyoma and papilloma viruses, however, these groups make up only
about 10% of known dsDNA viruses. How do lesser known viruses replicate? Do they
use variations of already known replication systems? Or perhaps, they use novel
replication strategies? DsDNA viruses are not only diverse, but they also vary in genome
size. For example, genomes of smallest dSDNA viruses (polyoma) are 500 times smaller
than that of the largest Pandora viruses (genome size — 2500 kbp). Genome size in free-
living cellular organisms also varies. For example, genome size difference between
human and the smallest eukaryote (Ostreococcus tauri) is ~260-fold. However, they
have the same components of replication machinery. Is this true for dsDNA viruses? Or
maybe, the diversity and genomic distribution of viral DNA replication proteins depends
on virus genome size?

We attempted to answer questions mentioned above by performing a detailed
computational analysis of DNA replication proteins in dsDNA viruses. Using current
state-of-the-art computational methods we identified and characterized replication
proteins (DNA polymerases, processivity factors, clamp loaders, primases, helicases,
single-stranded DNA binding proteins, primer removal proteins, DNA ligases and
topoisomerases) and analyzed their distribution patterns in genomes of dSDNA viruses.

This study was carried out in two stages. At first we analyzed DNA replicases (DNA
polymerases, processivity factors, clamp loaders). The analysis revealed dependency
between DNA replicase components and the viral genome size. We found that small
viruses (<40 kbp) use protein-primed DNA replication or rely on replication proteins
from the host. Large viruses (>140 kbp) have their own RNA-primed replication
apparatus often supplemented with processivity factors and sometimes by clamp loaders
to increase replication speed and efficiency. The only seeming exception from the latter
general pattern was eliminated after finding B-family DNA polymerases in large phiKZ
phages. Next, we asked whether the distribution of other viral DNA replication proteins
depends on genome size. It turned out that as the genome size increases viruses tend to
encode their own replication proteins more frequently. Latter insight led us to a search
for "missing" replication components in large genomes. This has resulted in the
discovery of single-stranded DNA binding (SSB) proteins in largest eukaryotic viruses.
Surprisingly, these proteins turned out to be homologs of SSB proteins previously
thought to be specific for T7-like phages. Another surprise came from the analysis of
DNA helicases. We found out that replicative helicases are the most common replication
proteins in dsDNA viruses. In addition, our analysis revealed that the component of
herpesviral helicase-primase complex (ULS8) is a highly diverged and inactivated B-
family DNA polymerase.



The aim of this study was to analyze DNA replication proteins in double-stranded
DNA viruses using computational methods.

Specific objectives:

1. To computationally identify and characterize DNA replication proteins by an-
alyzing viral genomes and proteins.

2. To check for the presence and the nature of dependency between DNA repli-
cation proteins and viral genome size.

Scientific novelty

This work is the first large scale computational study of all replication proteins from
dsDNA viruses. The analysis revealed a dependency between DNA replication proteins
and viral genome size. We newly discovered and characterized SSB proteins in NCLD
viruses and B-family DNA polymerases in large phiKZ phages. We detected a signifi-
cant similarity between poxviral SSB (I3) and bacterial SmpB. We also revealed that the
component of herpesviral helicase-primase complex (ULS) is a highly diverged and inac-
tivated B-family DNA polymerase.

Practical value

Relationship between DNA replication proteins and viral genome size, discovered in
this study, enables one to predict the completeness of DNA replication machinery in
newly sequenced dsDNA virus genomes. In addition, dsSDNA viruses are usually patho-
genic (herpes, papilloma, polyoma, adeno viruses) or agricultural pests (African swine
fever, nimaviruses). Thus, new knowledge about DNA replication of Pseudomonas
aeruginosa phiKZ phages, poxviruses and herpesviruses, presented in this study, may
help scientists to better understand and fight diseases.



1. METHODS

1.1. Databases

Non-redundant ("nr") protein sequence database was downloaded from NCBI:
"ftp://ftp.ncbi.nlm.nih.gov/blast/db/". Viral protein and genome sequences were also ob-
tained from NCBI using the address:
"http://www.ncbi.nlm.nih.gov/genomes/GenomesHome.cgi?taxid=10239". All the ge-
nomes of dsDNA viruses were subjected to the six-frame translation using Virtual Ribo-
some (1) or Bioperl (2). Family Polydnaviridae was excluded from the analysis because
these viruses have a distinct genome organization (split in small segments), and their ge-
nome acts only as a vector for transmission of parasitic wasp genes (3).

1.2. Sequence similarity searches

Standard sequence searches were performed using PSI-BLAST (4) and jackhmmer
(5). Searches were run iteratively against the nr70 sequence database (the non-redundant
database with no more than 70% identity between any sequences) until convergence us-
ing E-value=1e-03 or a more stringent inclusion threshold. Programs HHsearch (6) and
Condor (http://mindaugas.ibt.lt/condor/) were used for sensitive homology search. Se-
quence profiles of viral proteins were generated by running two or three iterations
against nr'70 database using the E-value=1e-03 inclusion threshold. HHsearch or Condor
with default parameters were then used to search the PDB (http://www.pdb.org/), SCOP
(7) and Pfam (8) databases. HHsearch and Condor results with probability >20% and E-
value <10, respectively, were extracted and analyzed for the presence of DNA replica-
tion proteins.

1.3. Sequence clustering

DNA replication proteins were clustered according to their pairwise similarity using
CLANS (9). The similarity in CLANS is represented with P-values derived from BLAST
or PSI-BLAST E-values. For clustering divergent proteins, their pairwise similarity was
quantified using PSI-BLAST. For each sequence, CLANS was configured to run two
iterations of PSI-BLAST using the E = 1e-03 inclusion threshold against the reference
database (nr70) to generate a sequence profile. The last PSI-BLAST iteration with the
obtained profile was performed against the database of sequences to be clustered.

1.4. Identification of replication proteins

Replication proteins of dsDNA viruses were identified using criteria listed below
(arranged in decreasing priority order):
1. Similarity to characterized DNA replication proteins.
2. Presence (absence) of active site and other conserved regions.
3. Protein contains domain of other DNA replication protein (for example, DNA hel-
icase and primase).
4. Protein is encoded in the vicinity of DNA replication proteins.



1.5. Multiple sequence alignments

Multiple sequence alignments were constructed with MAFFT (10) optimized for ac-
curacy (parameter L-INS-1) or MUSCLE (11) using default parameters. If sequences had
homologs with known structures, PROMALS3D (12) with default parameters was used
instead.

1.6. Prediction of protein secondary structure and disordered regions

Genesilico (13) server was used to predict protein secondary structure and disor-
dered regions. If protein structure was known, secondary structure was calculated using
DSSP (14).

1.7. Genome comparison and the analysis of gene context

Alignment of genomes and the inspection of gene neighborhoods were performed
using ACT (Artemis Comparison Tool) (15).

1.8. Genome filtering

To obtain a more representative genome set, highly similar genomes were removed.
All genomes were grouped according to their nucleotide and protein pairwise similarities
using LAST (16) and CLANS, respectively. Genomes with local nucleotide sequence
identity >70% or those which had more than 70% homologous proteins were filtered out.

1.9. Homology modeling and structure analysis

Initial sequence-structure alignments were constructed based on alignments pro-
duced by PSI-BLAST-ISS (17), COMA (18), GeneSilico, I-TASSER (19), RaptorX
(20), pGenTHREADER (21), FFAS-3D (22), HHpred (23) servers and subsequently
modified during an iterative modeling process (24). Modeller 9v10 (25) was used for 3D
model construction. The quality of resulting models was assessed by the ProSA-web
server (26) and then compared to the quality of the corresponding main structural tem-
plates whose missing loops where modeled-in with Modeller prior to evaluation. Con-
servation scores, derived from the multiple sequence alignments, were mapped onto the
surfaces of models with ConSurf (27).

1.10. Analysis of electrostatic properties

Surface electrostatic maps were calculated using the APBS (28) plugin in PyMol
(29). Calculation of theoretical isoelectric points (pls) was performed using the "Isoelec-
tric point" program from the EMBOSS software package (30). Non-conserved N- and C-
termini were removed from the sequences before the pl calculation.



2. RESULTS AND DISCUSSION

This study was carried out in two stages. At first, DNA replicases were investigated.
The analysis revealed that the presence and the nature of DNA replicases encoded in the
genomes of dsDNA viruses is related to the genome size. This observation led us to a
detailed study and discovery of DNA polymerases in large phiKZ phages. Next we asked
whether other replication proteins also show the genome size dependency. The analysis
revealed that as genome size increases viruses tend to encode their own replication pro-
teins more frequently. Further studies of viral replication proteins led us to even more
insights and discoveries. Surprisingly, it turned out, that DNA helicase is the most com-
mon viral replication protein. While analyzing helicases, we discovered that the compo-
nent (ULS8) of herpesviral helicase-primase is inactivated B-family polymerase. The ex-
amination of viral single-stranded DNA-binding (SSB) proteins revealed that the largest
eukaryotic DNA viruses have at least two distinct SSB families. All the topics mentioned
above are presented in detail in the following sections.

2.1. DNA replicase components and the genome size

The available fully sequenced genomes of dsDNA viruses were analyzed for the
presence of DNA replicase components. In all, genomes of 808 viruses including 458
(57%) bacteriophages, 317 (39%) eukaryotic and 33 (4%) archaeal viruses were exam-
ined. Specifically, we looked for DNA polymerases, polymerase processivity factors
(DNA sliding clamps) and clamp loader subunits. We detected DNA polymerases in
about half of the analyzed viral genomes. In addition to either known or previously anno-
tated enzymes, for the first time we identified highly divergent DNA polymerases in
phiKZ-like bacteriophages. We found a significantly smaller fraction of genomes
(<20%) coding for homologs of DNA sliding clamps that may serve as DNA polymerase
processivity factors. We newly discovered remote homologs of cellular DNA sliding
clamps in Microcystis phage Ma-LMMOI and the Ascoviridae family. DNA sliding
clamps that form rings (PCNA, polllIIf, gp45) need a multimeric clamp loader for their
loading onto DNA. In line with this prerequisite, we detected clamp loader subunits only
in genomes carrying genes of DNA sliding clamp homologs. Yet, surprisingly, not all
PCNA or polllIf homologs are accompanied by clamp loader subunits.

Overall, the results revealed a great variety of DNA replicase components and their
combinations in dsDNA viruses. The variety is much larger than it is in all three domains
of cellular life combined and seemingly without any discernible pattern. However, we
reasoned that if the increase in viral genome size requires improved processivity proper-
ties of a DNA replicase we should be able to detect this dependency even in the face of
this overwhelming variety. Indeed, the arrangement of viral taxonomic groups according
to their average genome size revealed a clear trend (Fig. 2.1). Viruses having smallest
genomes (<40 kb) either have a B-family protein-primed DNA polymerase or do not
have a DNA polymerase at all. Viruses with larger genomes (40-140 kb) have their own
DNA polymerases more often. These polymerases usually belong to A-, rarely to B- or
C-families. Viruses having largest genomes (>140 kb) always encode DNA polymerases
(most often B-family RNA-primed), frequently have processivity factors and sometimes
clamp loader subunits.

10
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Fig. 2.1 DNA replicase components in dsDNA viral genomes. Viral taxonomic groups are
arranged by their average genome size. DNA pol., DNA polymerase type; PolA, A-family;
PolBr, B-family DNA polymerase that uses RNA as a primer; PolBp, B-family DNA polymer-
ase that uses protein as a primer; PolC, C-family. Coloring scheme: white, no polymerases
found; green, PolBp; yellow, PolA; gray, PolBr; pink, PolC. Newly identified replicase compo-
nents are labeled in bold red font. Processivity factors, non-homologous to the cellular ones, are
underlined. Minus sign indicates that the processivity factor is missing in some viruses within
the taxonomic group. Error bars indicate standard deviation from the mean genome size.

However, the representation of various viral taxonomic groups differs significantly.
In addition, some taxons show quite large variation of the genome size. Therefore, we
next asked whether or not the observed pattern of distribution of replicase components
depends on the taxonomic classification of viruses. To address this question, we ar-
ranged individual genomes according to their size without dividing into taxonomic
groups and plotted the observed frequency of a particular DNA replicase component
against the moving average of the genome size (Fig. 2.2). To reduce sample bias in this
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analysis, we performed pairwise genome comparisons and retained only 236 viral ge-
nomes that were <70% identical to each other. Again, the plot showed a clear relation-
ship between DNA replicase components and the genome size, indicating that this is a
general property and not the result of taxon-specific division.
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Fig. 2.2 Dependence between the observed frequencies of viral DNA replicase components and
the genome size of dsDNA viruses. X-axis—genomes arranged by their size (from smallest to
largest); major y-axis (left)—observed frequencies of various DNA replicase components in
viral genomes; minor y-axis (right)—genome size (kbp). The genome size and the observed fre-
quencies of DNA replicase components were averaged using the moving window of 40 genomes
and a single-genome step. Broken blue line corresponds to the averaged genome size. Solid lines
correspond to averaged observed frequencies of individual DNA replicase components.

2.2. Analysis of DNA replicases

Having established a general dependency of the presence and the type of viral DNA
replicase components on the genome size (Figs. 2.1 and 2.2), we were nonetheless puz-
zled by the substantial number of seeming exceptions. While DNA polymerases are pre-
sent in all taxonomic groups above the certain genome size, processivity factors and
clamp loaders are not. If we assume that DNA replicase processivity properties become
more important as the genome size increases, how to rationalize the absence of DNA
sliding clamps and clamp loaders in some taxons with the large average genome size? To
address this question, we performed a detailed analysis of sequence and structure proper-
ties of DNA polymerases, sliding clamp homologs and clamp loader subunits. Results of
this analysis for each of the three components of DNA replicases are presented in sepa-
rate sections below.

2.2.1. DNA polymerases

Major DNA polymerase groups. We identified DNA polymerases in 415 out of the
808 analyzed genomes of dsDNA viruses. The majority of DNA polymerases (255 ge-
nomes) belong to B-, less frequently (132) to A-, and very rarely (28) to the C-family.
No polymerases of the archaeal D-family were detected. B-family polymerases are pre-
sent in viruses that infect organisms from all three domains of life. In contrast, we found
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A- and C-family polymerases only in bacteriophage genomes. The greatest diversity by
far is among B-family members (Fig. 2.3, PolB), followed by the distantly related A-
family (Fig. 2.3). Based on sequence similarity, PolB polymerases can be divided into
three distinct clusters: one including protein-primed (PolBp), and two that include RNA-
primed (PolBr) polymerases (Fig. 2.3) The small PolBr cluster consists of highly diver-
gent PolBrPhiKZ polymerases identified in this study for the first time (Fig. 2.3).
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Fig. 2.3 DNA polymerases of A- and B-families clustered by the pairwise sequence similarity.
Nodes represent individual sequences. Lines connect sequences with P<le-05. Line shading cor-
responds to P-values according to the scale in the bottom-right corner (light and long lines con-
nect distantly related sequences). A-family DNA polymerases are represented using shades of
orange, PolBp—shades of green, PolBr—shades of gray; well-known cellular DNA polymeras-
es are shown in white. Newly identified DNA polymerases are marked with the red ellipse.
ArchVir, archaeal viruses; Adeno, Adenoviridae; gr, group; PhiKZ, phiKZ-like phages; Pfu,
Pyrococcus furiosus; Sce, Saccharomyces cerevisiae; Taq, Thermus aquaticus.

PhiKZ-like viruses have a genome that is almost twice as large as that of T4 phage
(e.g. Pseudomonas phage 201phi2 — 317 kb, T4 — 169 kb), yet no DNA polymerases
were found in their genome sequences during previous analyses (31-33). Since our initial
data suggested that the absence of a polymerase gene in viral genomes of this size is
highly unlikely, we performed a particularly thorough analysis of the genomes of PhiKZ-
like phages. Not surprisingly, standard homology detection methods (BLAST, RPS-
BLAST and PSI-BLAST) failed to detect statistically significant similarity between pre-
dicted proteins of these phages and any known polymerases. Only when we applied very
sensitive homology search methods based on profile-profile comparison, we were able to
identify putative polymerases. Thus, HHsearch matched Pseudomonas phage EL hypo-
thetical protein (gi: 82700954) and the RB69 (T4-like) phage DNA polymerase gp43
with high statistical significance (89% probability). COMA for the same phage EL pro-
tein also identified a B-family DNA polymerase (from Thermococcus sp.) as the best
match (E=4e-07). The putative EL polymerase and its homologs in the other two phiKZ-
like phages apparently include all the polymerase domains characteristic of gp43 except

13



for the N-terminal region, which harbors the 3'-5' exonuclease domain. Interestingly, the
3'-5" exonuclease domain in these phages has been detected previously as a separate
ORF (33). Thus, 3'-5' exonuclease and polymerase activities in these phages appear to
reside in two separate polypeptide chains (Fig. 2.4). To further validate the polymerase
assignment we analyzed the motifs, essential for the DNA polymerase function. Both
sequence motifs harboring active site residues are conserved between RB69 gp43 and
predicted polymerases in all three phiKZ-like phages (Fig. 2.4, B). In particular, as illus-
trated with a 3D model of the predicted EL polymerase active site, both aspartates (Fig.
2.4, C) involved in the coordination of metal ions are absolutely conserved.
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Fig. 2.4 Comparison of DNA polymerases from phiKZ-like phages and the RB69 phage. (A)
Correspondence of structural domains in Pseudomonas phage EL 3'-5' exonuclease (gi:
82700984) and DNA polymerase with those in the RB69 DNA polymerase. N, N-terminal; P,
palm; F, fingers; T, thumb. Red stars indicate positions of the active site aspartates (D229 and
D398). The correspondence was derived using COMA server. (B) Alignment of the DNA poly-
merase active site motifs. Sequence labels consist of the phage acronym, the protein name, and
the gi number (PDB code in the case of RB69). (C) A 3D model of the Pseudomonas phage EL
DNA polymerase active site complexed with the primed DNA and the incoming dTTP based on
the ternary complex of the RB69 DNA polymerase and the DNA (PDB code: 1ig9). A fragment
of the polymerase active site is shown in cartoon representation. Side chains of the active site
aspartates coordinating two metal ions (green spheres) are shown as pink sticks.

A-family DNA polymerases could be subdivided into three groups. The most diverse
group, PolAgrl, contains phages such as phiKMV, L5, N4, TS5, SPOI1, RSL1 and Ma-
LMMOI. Interestingly, the SPO1 DNA polymerase has the additional uracil-DNA
glycosylase (UDG) domain at its N-terminus. It has been hypothesized that the UDG
domain may serve as the intrinsic polymerase processivity factor (34). According to our
analysis, the T5 DNA polymerase, which is highly processive (35), also has the UDG
domain-like extension at the N-terminus. Taking into account that UDG (D4) in complex
with A20 confers DNA polymerase processivity in eukaryotic vaccinia virus (36), the
role of the UDG domain as the intrinsic polymerase processivity factor is quite likely.
Groups 2 and 3 consist of T7-like and Bcepl-like viruses respectively.
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Viral C-family DNA polymerases have domain organization similar to that of E. coli
polllla (37). The conservation extends from the N-terminal PHP domain and includes
the polymerase active site as well as the "fingers" domain. However, the C-terminal re-
gion following the "fingers" domain does not show significant similarity to the E. coli
replicative polymerase suggesting that it may include different structural domains. Only
the DNA polymerase from Bacillus phage 0305phi8-36 (gi: 154622917) appears to ex-
tend sequence conservation past the "fingers" domain and into the OB-domain. In addi-
tion, this polymerase has a sequence motif (1131-EEDLL-1135) that aligns to the pollII
interaction motif in E. coli polllla (920-QADMF-924) suggesting that it may utilize a
DNA sliding clamp to achieve the processivity. Incidentally, the Bacillus phage
0305phi8-36 has the largest genome of those found to carry a C-family polymerase, and
the only one among them in which we found a polIII homolog (gi: 154622720).

Distinct subgroups of RNA-primed B-family DNA polymerases. The application
of a more stringent clustering procedure (using CLANS coupled with BLAST instead of
PSI-BLAST) revealed a number of subgroups within the large PolBrCore cluster. Since
most PolBrCore polymerases are present in viruses with fairly large genomes, we ana-
lyzed polymerase sequences from poorly characterized subgroups to obtain hints as to
the possible DNA replication processivity mechanisms. Polymerases of T4-like phages
and herpesviruses that utilize DNA sliding clamps as processivity factors are known to
possess characteristic clamp-binding motifs at their C-termini (38). Therefore, we looked
for the presence of any clamp-binding motifs in all remaining subgroups. We readily
identified a putative PCNA-interacting motif (the consensus sequence QxxIxxFF, where
x is any amino acid) within the C-terminus of phycodnaviral DNA polymerases. In other
subgroups we either did not find any clamp-binding motifs, the alignments of C-terminal
regions were too variable or the number of sequences was too small to make a definite
conclusion. In addition to clamp-binding motifs we looked for the presence of additional
domains. It turned out that the members of three outlying subgroups
(Malacoherpesviridae, Alloherpesviridae and Nimaviridae families) feature additional
sequence regions compared with typical PolBrCore representatives. Although we were
unable to confidently assign any known functional/structural domains to these additional
polymerase regions, their very presence suggests that these three viral families may have
evolved alternative processivity mechanisms for the efficient replication of their large
genomes.

2.2.2. Processivity factors

Diversity and taxonomic distribution. Similarly as in the case of DNA polymeras-
es, we asked whether each of the analyzed viral genomes encodes a polymerase
processivity factor. In particular, we looked for homologs of either cellular (PCNA and
polllIB) or viral (gp45, UL42, UL44 and BMRF1) DNA sliding clamps. As a result, in
addition to already characterized or annotated sliding clamps, we discovered two new
putative processivity factors: a PCNA homolog in the family Ascoviridae and a pollllp
homolog in the Ma-LMMO1 phage. All sliding clamp homologs identified in viral ge-
nomes were pooled together with representatives of cellular sliding clamps (PCNA and
polllIB) and clustered. The results shown in Fig. 2.5 indicate that, just like DNA poly-
merases, viral DNA sliding clamp homologs are significantly more diverse than their
cellular counterparts. Two major clusters correspond to PCNA and polllI} families.
PollIII homologs were found only in phages, while all PCNA homologs (except for
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PCNA from the archaeal virus Natrialba phage PhiChl and some baculoviruses) were
found in eukaryote-infecting nucleo-cytoplasmic large DNA viruses (Fig. 2.1). PCNA
homologs from iridoviruses infecting cold-blooded vertebrates form a distinct subgroup
in the PCNA cluster (Fig. 2.5, CBvertlrido). In addition to two major clusters corre-
sponding to PCNA and polllIf families, there are two compact outlying groups: gp45
and UL42. Gp45 includes DNA sliding clamps from T4-like phages, UL42 is found in
Herpesviridae, both groups having structurally characterized representatives (39,40).
Three additional divergent families of viral sliding clamps (UL44, BMRF1 and G8R) are
not included in Fig. 2.5 as the clustering procedure was unable to link these families and
any other clamps. However, it is known that herpesviral UL44 and BMRFI are structur-
ally similar to UL42 and other DNA sliding clamps (41,42). G8R is a remote PCNA
homolog (43) found in vaccinia virus and other members of the Chordopoxvirinae sub-
family, however, it does not act as a processivity factor in DNA replication (44).
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Fig. 2.5 DNA sliding clamps and their homologs grouped by the pairwise sequence similarity.
Newly identified sliding clamp homologs are marked with ellipses. Ma-LMMO1, Microcystis
phage Ma-LMMOI; RSL1, Ralstonia phage RSLI; 73, Pseudomonas phage 73; BcepGomr,
Burkholderia phage BcepGomr; 0305phi8-36, Bacillus phage 0305phi8-36; Eco, Escherichia
coli; ASFV, African swine fever virus; DpAV4a, Diadromus pulchellus ascovirus 4a;
CBvertlrido, cold-blooded vertebrate animal iridoviruses.

We detected polllIB homologs in only twelve phages. Of the 12 pollIIf homologs,
seven have a typical length and five are shorter, covering only the second and third do-
mains of pollIIf. A full-length distant pollIIf homolog in Ma-LMMOI phage was identi-
fied (the HHsearch probability of 96%) for the first time. The Ma-LMMO1 polllIf is
coded (locus tag: MaLMMO1_gp176) near other DNA replication proteins (45), support-
ing its putative processivity factor function.

A number of the identified viral sliding clamp homologs may have been acquired
through the horizontal gene transfer (patchy taxonomic distribution, high similarity to
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corresponding host proteins, the absence of a DNA polymerase in the viral genome). For
example, only nine out of 53 baculoviruses have PCNA homologs, and seven of those
show high similarity to PCNAs from mosquitoes and moths. For one of baculoviruses,
Autographa californica nucleopolyhedrovirus, it has been shown that its own PCNA is
not required for genome replication (46). As polllIf and PCNA homologs, likely ac-
quired through horizontal gene transfer, are either known or can be assumed to be dis-
pensable for DNA replication, we did not include them in the summary presented in
Figs. 2.1 and 2.2.

Unexpectedly, we did not find homologs of any known processivity factors in some
viral families with the large average genome size. These include eukaryotic Nimaviridae,
Alloherpesviridae, and Malacoherpesviridae families as well as phiKZ-like phages and
Clostridium phage c-st (Fig. 2.1). However, as discussed in the "Polymerases" section,
DNA polymerases of the three eukaryotic viral families are atypical B-family members
with additional uncharacterized domains. The Clostridium phage c-st DNA polymerase
is one of the C-family polymerases having a divergent C-terminal region. These observa-
tions suggest that viruses from these families may use different mechanisms to ensure
DNA replication processivity. In the case of PhiKZ-like phages, whether or not
processivity factors are indeed absent from their genomes remains an open question.

Electrostatic properties. DNA sliding clamp distribution in viral genomes (Fig. 2.1)
shows that Bacillus phage 0305phi8-36 and several families of eukaryotic viruses carry-
ing correspondingly polllIf and PCNA genes in their genomes totally lack clamp loader
subunits. Since a clamp loader is needed to open and load ring-shaped polllIp or PCNA
onto DNA, this finding raised a question as to how these sliding clamps may function.
One possibility is that these viruses use a clamp loader of the host. Another possibility is
that these clamps do not form a closed ring and, similarly to UL42 or UL44, bind DNA
directly without the need for a clamp loader. While the first possibility cannot be ex-
plored using computational approaches, the second one can.

One of the observed differences between non-ring sliding clamps (e.g. UL42, UL44)
and the ring-forming ones (PCNA, pollIIp) is that the former have an increased positive
charge located on the DNA-binding face (47,48). To explore the electrostatic properties
of all the identified viral sliding clamp homologs, we calculated their theoretical pls. In
addition, we constructed 3D models for representatives of viral PCNA homologs and
analyzed electrostatic properties of their surfaces. The obtained data was then compared
to structurally and functionally characterized cellular and viral processivity factors (Fig.
2.6). It turned out that pls of sliding clamp homologs show a striking correlation with the
presence/absence of clamp loader subunits in corresponding viral families. Thus,
Phycodnaviridae and Mimivirus PCNAs, predicted to be orthologous, have electrostatic
properties similar to ring-shaped sliding clamps. In contrast, electrostatic properties of
G8R and PCNAs of Asfarviridae (ASFV), Irido-Asco viruses and Marseillevirus are
more similar to herpesviral non-ring processivity factors. Phycodnaviridae and
Mimivirus have RFC homologs, while Asfarviridae, Irido-Asco viruses and
Marseillevirus do not. A similar correlation is observed for sliding clamp homologs in
bacteriophages. PolllIf homologs in phages Ma-LMMO1 and RSL1 (Fig. 2.6, PolllIp
virl) show much lower pl values than polllIf in Bacillus phage 0305phi8-36 (PolllIf3
vir2). Phages Ma-LMMO1 and RSL1 do encode clamp loader subunits, while Bacillus
phage 0305phi8-36 does not. Hence, based on the electrostatic properties, DNA sliding
clamp homologs from Phycodnaviridae and Mimiviridae are expected to form rings,
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while PCNA homologs in the remaining families and polllIf from the Bacillus phage
0305phi8-36 are likely to bind the DNA directly, in a manner that does not require clamp
loaders. According to pl values, PolllIf homologs of Ma-LMMO1 and RSL1 phages are
at the intermediate position between the characterized ring-forming and non-ring sliding
clamps. However, the presence of clamp loader subunits (polllly) in the corresponding
genomes suggests that the closed-ring polllIp structure is more likely.
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Fig. 2.6 Electrostatic properties of processivity factors and their homologs. (A) Average theoret-
ical pIs of DNA sliding clamp subunits from cellular organisms (green bars) and viruses (yellow
bars). Bars with the grid pattern correspond to viral sliding clamp homologs that are accompa-
nied by clamp loader subunits in the genome. (B) Electrostatic potential maps of solvent acces-
sible surface of five representatives (red color indicates negative, blue—positive potential; scale
units—Ky,T/e.). All structures are shown in the same orientation as the ScePCNA complexed
with DNA (PDB code: 3k4x). arch., Archaea; asco., — Ascoviridae; ASFV, African swine fever
virus; euk., Eukarya; hHusl, Homo sapiens Husl (PDB code: 3g65), HHVS5_ULA44, Human
Herpesvirus 5 UL44 (PDB code: 1t6l); irido., Iridoviridae; PCNA mars., Marseillevirus PCNA
(gi: 284504238); PCNA mim., Mimivirus PCNA (gi: 55664866); PBCV1_PCNAI1, Parame-
cium bursaria Chlorella Virus-1 PCNAT (gi: 9631761); Sce, S. cerevisiae; SSTIV_PCNA, Soft-
shelled turtle iridovirus PCNA (gi: 228861299); Pollllfvirl, polllIf from Microcystis phage
Ma-LMMOI and Ralstonia phage RSLI (gi respectively: 117530347, 189233246); PolllIpvir2,
polllIB from Bacillus phage 0305phi8-36 (gi: 154622720).

2.2.3. Clamp loaders

Compared to DNA polymerases and sliding clamps, homologs of clamp loader sub-
units are present in the fewest number of viral genomes. However, their genomic distri-
bution appears to be highly non-random. We detected clamp loader subunits only in vi-
ruses with the largest genomes and only in those that also code for homologs of DNA
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sliding clamps. Moreover, as indicated above, the presence of clamp loader subunits cor-
relates with electrostatic properties of DNA sliding clamps in the corresponding viral
families. Hence, we found homologs of RFC subunits only in Mimivirus and
Phycodnaviridae, the only two families that have PCNAs with electrostatic properties
similar to those of ring-forming cellular PCNAs (Figs. 2.1 and 2.6). Mimivirus and its
relative CroV code all five RFC subunits. Members of Phycodnaviridae family have on-
ly the largest RFC subunit homolog, similar to the archaeal large RFC subunit (RFCL).
The exceptions include EsV-1, which encodes all five RFC subunits, and two other vi-
ruses (Ostreococcus virus OsV5 and Ostreococcus tauri virus 1) that do not have any
RFC subunit. Interestingly, the genomes of the latter two viruses are among the smallest
in the family. Homologs of bacterial clamp loader subunits were identified in only two
phages, RSL1 and Ma-LMOO1. In each case we found only a homolog of a single clamp
loader subunit, polllly. Both polllly homologs have conserved P-loop, DEXX and SRC
motifs (Fig. 2.7) suggesting that they are active ATPases. Again, polllIf homologs in
these two phages have significantly lower pls than polllIp in Bacillus phage 0305phi8-
36, lacking any clamp loader subunit (Fig. 2.6). T4-like clamp loaders consisting of gp44
and gp62 subunits were identified only in T4-like phages.
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Fig. 2.7 Alignment of eukaryotic and viral clamp loader subunits. Sequence alignment is based
on multiple structure superposition of experimental X-ray structures and homology models ob-
tained using MUSTANG (49). Secondary structure of the yeast RFC3 subunit (PDB code: 1sxj)
is shown above the alignment. EsV1, Ectocarpus siliculosus virus 1; EhV86, Emiliania huxleyi
virus 86; FSV, Feldmania species virus; Mimi, Mimivirus.
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2.3. Viral DNA replicases and genome size: relationship and its implications

Our results show that the presence and the nature of DNA replicases encoded in the
genomes of dsDNA viruses is related to the genome size. This relationship can be de-
fined as the tendency to encode polymerase processivity components in addition to the
DNA polymerase more often as the genome size increases.

Viruses having genomes smaller than ~40 kb most often do not have their own DNA
polymerases. However, if they do, it is usually a PolBp type DNA polymerase. Interest-
ingly, this is seen in viruses infecting organisms from all domains of life. Coupled with
the observation that PolBp polymerases disappear completely from larger viral genomes
(Figs. 2.1 and 2.2), this suggests that properties of protein-primed B-family DNA poly-
merases might be optimal for this genome size range.

As the genome size increases (~40—140 kb) A-family polymerases take over. How-
ever, it is not clear whether the dominance of A-family polymerases in this genome size
range is significant. The reason is that we detected A-family polymerases only in bacte-
riophages, and this particular size range is overrepresented with bacteriophage genomes.
Nonetheless, even if we ignore the polymerase type, the typical feature of genomes in
this size range is the lack of DNA sliding clamp homologs. It has been shown that E. coli
polymerase I (A-family) is stimulated by the polllIf clamp (50). Therefore, the absence
of sliding clamp homologs cannot be explained by the inability of polA to utilize sliding
clamp as a processivity factor. Moreover, in two phages (Ma-LMMOI and RSL1) with
large genomes (>150 kb) we detected an A-family polymerase, a polllIf homolog and a
clamp loader subunit suggesting that the pollIIf homolog may function as a processivity
factor together with polA. On the other hand, some bacteriophages have evolved the in-
creased processivity of A-family polymerases without using DNA sliding clamps. One
such solution is the recruitment of thioredoxin from the host as observed in T7-like
phages (51). The UDG-like domain in DNA polymerases of SPOIl-like and T5-like
phages may well be another solution, which is yet to be addressed experimentally.

The genome size range of 140 kb and larger is represented by eukaryotic viruses and
bacteriophages. They all have their own DNA polymerases, typically of B-family. Our
discovery of evolutionary distant DNA polymerases in phiKZ-like phages has eliminated
the only seeming exception to this rule. DNA replicases in this size range often include
DNA polymerase processivity factors and sometimes clamp loaders. Initially, there does
not seem to be any discernible pattern as to the presence or absence of sliding clamp
homologs and clamp loaders (Fig. 2.1). However, if we consider properties of DNA pol-
ymerases, homologs of sliding clamps and the presence of clamp loader subunits we get
a fairly coherent picture.

Thus, we did not find any sliding clamp homologs in several groups of large dsSDNA
viruses. However, their DNA polymerases either have additional uncharacterized do-
mains or non-homologous regions. It may be that these polymerases either possess an
increased intrinsic processivity due to these additional/altered regions or use alternative
processivity factors. On the other hand, the fact that we did not find any sliding clamp
homolog in phiKZ-like phages is somewhat puzzling. Their polymerases, although evo-
lutionary distinct, seem to possess a typical B-family architecture. In addition, two of the
three polymerases at their C-termini feature a putative signature of a clamp-binding
motif. It is quite possible that processivity factors are encoded in genomes of phiKZ-
phages, but are too strongly diverged to be detected with current methods.
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As it comes to the viral families that do have homologs of DNA sliding clamps, the
intriguing finding was that a number of these families completely lack clamp loader
subunits. However, the subsequent analysis of electrostatic properties of sliding clamp
homologs was quite revealing. It showed that PCNA homologs from Irido-Asco, Asfar-
viruses and Marseillevirus as well as a polllI homolog from Bacillus phage 0305phi8-
36, all have elevated pls (Fig. 2.6, A). Models of several representatives showed that
most of the increased positive charge is localized to the DNA-interacting face (Fig. 2.6,
B). This property is typical for well-characterized herpesviral processivity factors. They
do not form rings; instead they bind DNA directly as monomers (UL42) or dimers
(UL44). This suggests a similar direct DNA-binding mode for the sliding clamp homo-
logs with the elevated pI and without clamp loaders in corresponding genomes.

Findings concerning viral clamp loaders are perhaps most puzzling compared to oth-
er replicase components. Only three eukaryotic viruses have a complete set of five RFC
subunits corresponding to the eukaryotic clamp loader, RFC. As expected for functional
RFC, all three viruses have characteristic P-loop and DEXX motifs in RFC1-4 subunits
and also feature PCNA-interacting (PIP-box) motifs in RFC1, RFC3 and RFCS5. Several
members of Phycodnaviridae family have only a single homolog of the RFC large subu-
nit. From studies with human and yeast RFC it is known that the RFC large subunit de-
termines the specificity for the clamp (52). For example, RFC1 determines specificity for
PCNA, while Rad17—for the 9-1-1 complex. Thus, it may be that the viral homolog of
the large RFC subunit recruits four small RFC subunits of the host to form a pentameric
complex specific for binding and loading viral PCNA. However, these RFC large subu-
nits seem to completely lack PCNA-binding motifs and some have non-canonical
ATPase motifs. It has been shown that the mutation in the ATP-binding motif of the
large RFC subunit in yeast does not affect PCNA loading (53). Therefore, the ATPase
activity may also be dispensable in viral RFC large subunits. It is not clear, though, how
to reconcile the absence of a PCNA-binding motif with the expected specificity for the
viral PCNA. Two large phages, Ma-LMMO1 and RSL1, that have a bacterial clamp load-
ing subunit homolog, polllly, additionally have an A-family DNA polymerase and a
homolog of polllIf sliding clamp. In these two cases it is also not clear what is the com-
position of the functional replicase. Does the viral polllly recruit host clamp loader sub-
unit(s) to produce a functional clamp loader specific for the viral polIlIf? Or perhaps the
composition of these clamp loaders is analogous to the T4 clamp loader, which is made
of four copies of gp44 (polllly homolog) and a single taxon-specific subunit gp62 (no
detectable homologs outside the T4-like group)? To address these questions, computa-
tional methods can hardly substitute laboratory experiments.

Overall, our observed connection between the virus genome size and DNA replicase
components might help in predicting the expected type and completeness of replicase
components for newly sequenced viral genomes. In addition, our observations for DNA
replicases in dsDNA viruses perhaps may have a more general significance. For exam-
ple, symbiotic bacteria belonging to genus Hodgkinia and Carsonella have some of the
smallest known cellular genomes of 144 and 160 kb size, respectively (54). It turns out
that neither has a DNA sliding clamp or a clamp loader. However, somewhat larger ge-
nomes of symbionts Sulcia cicada (277 kb), Buchnera Cc (416 kb) and Nanoarchaeum
equitans (491 kb) already have the complete set of DNA replicase components. With
more large viral and small cellular genomes available, it will be interesting to see how
universal the observed relationship is.
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2.4. DNA replication proteins and virus genome size

In the first part of the study we have shown that the composition of DNA replicases
in dsDNA viruses is genome size-dependent. Next, we asked whether other replication
proteins also show genome size dependency. To answer this question, in addition to
DNA replicase proteins, we identified viral replicative helicases, primases, single-
stranded DNA-binding (SSB) proteins, ligases, primer removal proteins and topoisomer-
ases. Our results regarding viral DNA replicases revealed that dsDNA viruses can be di-
vided into three genome size groups: (<40 kbp, 40—140 kbp and >140 kbp) based on the
type of DNA replicase. Thus, for each genome size group we counted frequencies of oc-
currence of replication proteins (Fig. 2.8). It turned out that as genome size increases
dsDNA viruses tend to code their own replication proteins more often. The strongest ge-
nome size dependency is seen in DNA topoisomerases, DNA polymerases, sliding
clamps and their loaders, primer removal proteins and ligases (Fig. 2.8). Our data show
that SSB proteins have the weakest genome size dependency (Fig. 2.8). It is surprising
because SSB proteins are found in all well characterized DNA replication machineries
(55). Therefore we hypothesize that at least some SSB proteins may have escaped detec-
tion due to their high divergence rates and non-orthologous displacement of canonical
OB-fold SSBs. This hypothesis is supported by our discovery of SSB proteins in nucleo-
cytoplasmic large DNA viruses and characterization of non-canonical SSBs in poxvirus-
es (see the section "Single-stranded DNA-binding proteins").
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Fig. 2.8 Genome size groups of DsDNA viruses and observed frequencies of their DNA replica-
tion proteins.

2.5. DNA replication proteins and the taxonomy of virus host

It is known that bacterial DNA replication proteins are evolutionary distinct from
those found in archaea and eukaryotes (56). Studies show that replication genes can be
transferred horizontally between viruses and cells (57). Do viruses, infecting three do-
mains of life, also have domain-specific DNA replication genes? Or perhaps, there are
some "universal" viral replication gene sets?

To check for taxonomic dependency we divided viruses into three groups: bacterial
(71%), archaeal (9%) and eukaryotic (20%). Bacteriophages make the largest portion of
all viruses and are the only ones who have bacterial replication genes: DNA polymerases

22



from A and C families, PolllIB and its loader, DnaB helicases, DnaG primases and SSBs
(Fig. 2.9). Replication genes specific to archaea and eukaryotes (PCNA and RFC) are
only observed in their viruses. Other replication proteins are found in viruses infecting
organisms from at least two domains of life. For example, SF3 helicases, archaeo-
eukaryotic primases (AEP) and B-family DNA polymerases are present in bacterial,
archaeal and eukaryotic viruses (Fig. 2.9). Cellular organisms do not use SF3 family hel-
icases for replication. Thus, it is likely that SF3 replicative helicases were not acquired
from the host, but were already present in viruses infecting last universal common ances-
tor (LUCA). To sum up, viruses often have DNA replication proteins which are also
found in their host, however, their type and presence/absence pattern is more dependent
on the virus genome size than on the taxonomy of the host.
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Fig. 2.9 DNA replication proteins and the taxonomy of virus host.

2.6. Replicative DNA helicases

Analysis of viral replicative helicases revealed that they are the most common repli-
cation proteins in dsSDNA viruses. The study has shown that bacteriophages usually have
homologs of bacterial replicative helicase (DnaB). Helicases from superfamilies SF3 and
SF6 are found less often, however, they are more diverse. Herpesviruses possess SF1
helicases and have the best studied DNA replication machinery among eukaryotic virus-
es. However, their helicase-primase complex was still enigmatic. Here, we shed some
light on this complex by finding out that one of its components (ULS) is inactivated B-
family polymerase.
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2.6.1. Replicative DNA helicase — most common replication protein in dsDNA vi-
ruses

Intuitively, it was expected to find DNA polymerases as the most common replica-
tion protein. However, after identification of replication proteins, it turned out that 70%
of viruses have a replicative helicase and thus, it appeared to be the most frequent viral
replication protein. What is the possible explanation for this phenomenon? Larger virus-
es (>40 kbp) may have replicative helicases more often due to already described tenden-
cy to code their own replication proteins more frequently as the genome size increases.
However, high observed frequencies of replicative helicases in small viruses (<40 kbp) is
puzzling. Maybe, small viruses use replicative helicase for replication initiation and tak-
ing control of host replication proteins? For example, the latter strategy is used by small
papilloma and polyoma viruses (58). We decided to analyze proteomes and literature
data of viruses in which replicative helicases were not found. Part of those viruses use
protein-primed DNA replication, which does not need a DNA helicase (59). The largest
fraction of remaining viruses, without their own replicative helicase, have helicase load-
ers which are probably used for loading of host replicative helicase. After subtraction of
viruses which use protein-primed DNA replication and addition of those that had hel-
icase loaders, percentage of viruses, which have their own or can use the replicative hel-
icase of the host, increases from 70% to 90%. Thus, the data show that the strategy to
initiate genome replication using DNA helicase is very common and not limited to small
eukaryotic viruses.

2.6.2. Herpesviral helicase-primase subunit ULS8 is inactivated B-family poly-
merase

Herpesviral helicase-primase complex consists of subunits ULS, UL52 and ULS.
ULS is a superfamily I DNA helicase (60) related to yeast Pifl and bacterial RecD (61).
ULS52 is a primase belonging to the superfamily of archaeo-eukaryotic primases (62).
ULS does not have any known catalytic activity (63). It appears to be important for the
nuclear import of ULS and ULS52 and is known to interact not only with the UL5-ULS52
subcomplex, but also with UL30, ICP8 and UL9 (64). Surprisingly, despite the essential
role of UL8 in DNA replication, so far nothing is known about its structure and domain
organization. Moreover, there are no known homologs of ULS8 outside the herpesviruses
(64).

Our systematic iterative sequence searches using Jackhmmer and ULS8 proteins as
queries provided an initial hint that the UL8 family, instead of being novel, might be re-
lated to B-family polymerases. For example, the search with bovine herpes virus 2 ULS8
(gi: 14161473) after four iterations produced a statistically significant match (E-value =
0.001) with the B-family polymerase (gi: 150401083) from Methanococcus aeolicus.
The results of more sensitive profile—profile searches have further substantiated the ini-
tial finding. Thus, HHpred readily identified (95% probability) the relationship between
HHV-1 UL8 and the B-family DNA polymerase from the archaeon Thermococcus
gorgonarius (SCOP: dltgoa2). This newly discovered relationship was also consistently
supported by other sensitive homology detection and modeling servers (see methods).
The identified similarity between UL8 and B-family polymerases is limited to the C-
terminal half of ULS8 sequences (~393-727 a.a. of HHV-1)(Fig. 2.10). The relationship is
remote as the aligned region of ULS8 proteins and B-family representatives shares only
9-12% sequence identity. Our attempts to identify any characterized homolog of the
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ULS8 N-terminal region were unsuccessful. This does not necessarily mean that the re-
gion harbors novel structural domain(s). B-family polymerases at their N-terminus typi-
cally have the exonuclease domain (65). Thus, it is conceivable that the UL8 N-terminal
region represents an exonuclease-like domain diverged beyond recognition.

HHV1 UL8
E. coli Polll |
veastpos [ IS P P
i 1097
IVENE R
1 1235

Fig. 2.10 Domain organization of HHV-1 ULS8 and B-family DNA polymerases. N, N-terminal;
P, palm; F, fingers; T, thumb. Asterisk indicates the polymerase active site ("DTD" motif).

To further corroborate the identified homology and to obtain insight into the struc-
ture of UL8 C-terminal region (UL8c), we constructed homology models for UL8c of
HHV-1 (available at http://www.ibt.It/bioinformatics/models/hhv1_ul8/) and its relatives
from the Simplexvirus genus. Models were constructed using the structure of Escherich-
ia coli Polll (PDB: 3k57) (66) as a template from the optimized sequence-structure
alignments. To have reference points, we constructed computational models of several
B-family polymerases using the same E.coli Polll structure as the modeling template.
We chose those B-family polymerases, for which experimentally determined structures
were available, and therefore, we could obtain the "ideal" (structure-based) alignment
between them and Polll. We only selected B-family polymerases that were <30% identi-
cal to E.coli Polll, so as to make the situation more similar to that between UL8 and
Polll. Thus, we chose PolB of phage RB69, yeast Pol 8, Pyrococcus furiosus PolB and
HHV-1 DNA polymerase UL30 and generated models for them using structure-based
alignments. Evaluation of models was performed with Prosa. Not surprisingly, Prosa Z-
score values for UL8c models were worse than for the crystal structure of Polll used as a
template. Nonetheless, some of UL8c models scored relatively high. Moreover, UL8c
models of HHV-1 and some other herpesviruses scored better than all of the reference
models, except for P.furiosus PolB. These results strongly suggest that UL8c and B-
family polymerases are indeed structurally similar and imply that UL8c models are un-
likely to contain serious flaws.

To understand the differences between UL8c and B-family polymerases, we per-
formed a detailed analysis of sequence and structure motifs. A prominent feature of
ULSc is the lack of the intact active site motif "DTD" (Fig. 2.10). Only the second aspar-
tate from this motif is conserved in a number of a-herpesviruses. The fingers subdomain,
which is important for recognition and binding of the incoming nucleotide (65), is re-
duced in UL8c. Furthermore, sequence region preceding fingers subdomain has a dele-
tion in UL8c. In addition, ULS8c lacks the "KKRY" motif, known to play an important
role in stabilizing B-form of the DNA (67). Taken together, these features indicate that
ULS is not an active DNA polymerase, consistent with the failure to detect any enzymat-
ic activity in ULS8 using experimental approaches (63). Consistent with modifications of
UL8c DNA-binding motifs, UL8 does not exhibit ssDNA or dsDNA binding on its own
(68). However, ULS8 appears to modulate DNA binding by UL5-ULS52, the other two
subunits of helicase—primase complex (69). Thus, sequence and structure analysis of
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ULS indicates that it lacks motifs necessary for polymerase activity and has undergone a
reduction of DNA-binding motifs.

Protein—protein binding sites in UL8. ULS8c structural models enabled us to look at
known and putative binding sites mediating interactions with other proteins. Recently,
systematic mutagenesis of charged residues into alanines has been carried out for HHV-1
ULS8 and four replication-defective mutants were identified (70). Three of the mutants
can be mapped onto the model of HHV-1 (Fig. 2.11). Mutants A49 (R640A, D642A and
E644A) and A53 (R677A and R678A) displayed a defective interaction with UL52. The
interaction between mutant AS52 (D671A and E673A) and UL52 was only slightly im-
paired. In the HHV-1 UL8c model, these positions are close to positions substituted in
mutant AS53. Our model is in good agreement with these experimental findings, as all the
positions affecting interaction with UL52 are on the same side of the model surface.

Fig. 2.11 A model of HHV-1 UL8c compared with E.coli Polll. (A) UL8c and its mutants that
affect binding to UL52. Mutated residues are shown in space-filling representation (carbon at-
oms, gray/white; nitrogen, blue; oxygen, red) and are labeled. (B) Crystal structure of E. coli
Polll complexed with DNA. Polymerase (Pol) and exonuclease (Exo) domains are colored in
green and gray, respectively.

In addition, a putative protein-binding site is located within the very C-terminus of
ULS, extending beyond the modeled structure. The C-terminal region features a short
conserved hydrophobic motif (HHV-1 UL8 747-FLF-749) and is apparently disordered,
as predicted by PrDOS (71) at 5% false positive rate and MetaDisorder3D (72). A con-
served hydrophobic motif within the disordered region is often a signature of protein-
binding site. It has been established that HHV-1 ULS interacts with DNA polymerase,
and indirectly the interaction site was mapped within the C-terminal region of ULS (73).
These results implicated ULS residues, important for binding, just upstream of the con-
served C-terminal motif. This suggests that the conserved hydrophobic motif is, perhaps,
a secondary polymerase-binding site. Alternatively, it may mediate interaction with one
of the other multiple binding partners of ULS.

ULS2 and ULS are related to eukaryotic PrimPol family and Pif1 helicases, re-
spectively. Since ULS8 functions as part of the helicase—primase complex, we decided
also to look into homologous relationships of the other two components of the complex,
ULS52 and ULS. HHV-1 UL52 (gi: 9629434) is a 1058-residue long protein with the C-
terminal half related to archaeo-eukaryotic primases (62). UL52 homologs, identified by
sequence searches, fall into several clusters (Fig. 2.12). These include HHV-1 UL52 and
other Herpesviridae sequences, UL52 homologs from mollusc and cold-blooded animal
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herpesviruses (Malacoherpesviridae and Alloherpesviridae families, respectively),
A468R-like proteins from Phycodnaviridae family and a cluster of viral and eukaryotic
homologs. The latter are exemplified by the recently characterized human PrimPol
(CCDCI111), which has both primase and polymerase activities and plays an important
role in replication fork progression through sites of DNA damage (74,75). Human
PrimPol is the first example of an eukaryotic protein harboring both primase and poly-
merase activities. Interestingly, in kinetoplastids this family of proteins has undergone
lineage-specific expansion. For example, Trypanosoma brucei has four copies of
PrimPol homologs. Two of the more distantly related ones to human PrimPol (TbPRI1
and TbPRI2) were shown to be active primases and to have roles essential for cell
growth and kinetoplast DNA replication (76). The other two PrimPol-like proteins act as
DNA polymerases with TbPPL1 also having a DNA primase activity (77). The PrimPol
group includes viral proteins from Marseilleviridae, Mimiviridae, Asfarviridae and
Ostreid herpesvirus 1. Surprisingly, the latter virus representing Malacoherpesviridae
has three copies of primases. Two of them (OsHV1_ORF7 and OsHV1_ORF49) clus-
tered with the PrimPol group, whereas the third one (OsHV1_ORF66) was more similar
to herpesviral UL52 sequences.
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Fig. 2.12 UL52 proteins and their homologs clustered by pairwise sequence similarity. Lines
represent sequence relationships (P-value<le-03). Protein sequences shown in green belong to
the Malacoherpesviridae family and to the nucleo-cytoplasmic large DNA viruses. Abbrevia-
tions: Ps, Pandoravirus salinus; Tb, Trypanosoma brucei; Hs, Homo sapiens; HHV1, Human
herpesvirus 1; OsHVI1, Ostreid herpesvirus 1; Alloherpes, Alloherpesviridae; Herpes,
Herpesviridae; Malacoherpes, Malacoherpesviridae.

ULS is a member of the SF1 helicase superfamily having 5'-3'directionality. Using
iterative sequence searches with HHV-1 ULS (gi: 9629385), we readily detected similar-
ity of ULS to eukaryotic and viral Pifl helicases as well as to more distantly related
homologs of bacterial RecD and T4 Dda helicases. We also identified previously unan-
notated ULS homologs in Malacoherpesviridae (Fig. 2.13). Clustering of sequence
search results revealed that herpesviral ULS are split into three groups mirroring the
ULS52 results. Eukaryotic Pif1 homologs belong to a group displaying the closest similar-
ity to ULS. Pifl is found in nearly all eukaryotes. Most eukaryotes including humans

27



have a single Pifl family helicase, but Saccharomyces cerevisiae has two (ScPifl and
ScRrm3). Interestingly, 7. brucei has as many as eight Pif] paralogs, mirroring the ex-
pansion of its PrimPol-like proteins. Yeast proteins represent some of the best character-
ized members of the Pifl family. ScPif1 affects telomeric, ribosomal and mitochondrial
DNA replication, as well as Okazaki fragment maturation (78). Recently, ScPifl was
also found participating together with Pold in recombination-coupled DNA synthesis
(79). ScRrm3 moves with the replication fork during the DNA replication and helps to
pass difficult-to-replicate sites (80). ScCRrm3 was found to interact with Pole, suggesting
that it is a stable component of the replisome (80).
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Fig. 2.13 Clusters of ULS5 proteins and their homologs (P-value<le-07). Newly discovered UL5
homologs in Malacoherpesviridae family are marked with an ellipse. Pifl homologs from the
nucleo-cytoplasmic large DNA viruses, baculoviruses and phages are shown in green. Abbrevia-
tions: Sc, Saccharomyces cerevisiae; Ec, Escherichia coli; h, human; T4, T4 phage; Tb,
Trypanosoma brucei.

Herpesviral helicase-primase: relationship with eukaryotic DNA replication.
Our finding that ULS is a homolog of B-family polymerases and that it has lost the ac-
tive site explains why no catalytic activity of UL8 could be found. What could be the
evolutionary origin of UL8? One possibility is that UL8 originated from the duplication
of herpesviral DNA polymerase, UL30. Alternatively, UL8 could be derived from some
ancestral form of a B-family polymerase. However, the sequence similarity with B-
family polymerases is low, precluding a straightforward answer to this question. The
analysis of homologs of UL52 and ULS5, the other two subunits of helicase—primase
complex, showed that their links to eukaryotic enzymes are even clearer. Thus, all three
components of helicase—primase complex have mechanistic and perhaps functional simi-
larities with the corresponding eukaryotic proteins. For example, ULS, an inactive poly-
merase, may be compared with the C-terminal region of Pole, which corresponds to an
inactivated exonuclease-polymerase module serving as a protein-binding platform (81).
ULS has recently been found to interact with the polymerase UL30 (60), whereas yeast
Pif1 interacts with Pold (79). UL52-ULS forms subassembly as part of helicase—primase
complex. An interesting question is whether their eukaryotic homologs interact or at
least cooperate in certain conditions. Although the direct evidence is lacking, there are

28



some hints that they might. For example, PrimPol and Pif1 both help to bypass difficult-
to-replicate sites (74,80). The observation of the correlated expansion of the PrimPol-like
and Pif1 protein families in trypanosomes is another hint that they might be linked func-
tionally if not physically. At least two pairs of trypanosomal PrimPol and Pif1 homologs
participate in the same processes. Thus, TbPRI1 and TbPIF2 function in replication of
DNA maxicircles while TbPRI2 and TbPIF1 are involved in replication and segregation
of minicircles (76). Obviously, differences between the herpesviral and the eukaryotic
counterparts are to be expected. However, the consideration of similarities may provide
help in advancing the knowledge in both systems.

2.7. Single-stranded DNA-binding proteins

The SSB function in nature is strongly associated with the specific structural
solution, oligonucleotide-binding (OB) fold, featuring a five-stranded B-barrel capped
with an oa-helix (82). To our knowledge, there are only two documented exceptions,
where the structure of an SSB protein is unrelated to OB-fold. The two exceptions
include adenovirus (83) and Thermoproteales, a clade of hyperthermophilic
Crenarchaea (84).

Preliminary analysis of replication proteins in dsSDNA viruses revealed that SSB pro-
teins are found less frequently compared to DNA helicases, primases, DNA polymerases
and primer removal proteins (Fig. 2.8.). This observation was surprising, given the es-
sential role of SSB proteins in DNA replication. After examination of virus groups with
"missing" SSB proteins we newly detected these proteins in large eukaryotic viruses. It
turned out that nucleo-cytoplasmic large DNA viruses (NCLDV) have canonical OB-
fold SSB proteins (homologs of T7 phage gp2.5) and that poxvirus SSB (I3) is related to
bacterial Small protein B (SmpB).

2.7.1. Four NCLDYV families have canonical OB-fold SSB proteins

We started by testing the hypothesis that NCLD viruses do possess classical OB-
fold-containing SSB proteins, but with strongly diverged sequences. To this end, we per-
formed iterative sequence searches with PSI-BLAST and jackhmmer. Searches were run
against the nr70 sequence database using the E-value = 0.001 inclusion threshold and
well-characterized SSB proteins from both cellular organisms and viruses as queries. To
our surprise, when we used the T7 bacteriophage SSB protein (gp2.5) sequence (gi:
9627442) as a query, we detected statistically significant matches (E-value < 0.001) in
four NCLDV families (Phycodnaviridae, Mimiviridae, Iridoviridae and Marseillevirus).
We scrutinized this finding by testing whether these putative NCLDV SSB homologs are
able to detect T7 SSB in a reverse search. For this test, we used HHsearch, to generate
sequence profiles for several newly identified putative NCLDV SSB proteins and query
them against profile databases. Searches against the sequence profile database derived
from known structures (PDB) readily identified T7 gp2.5 with highly significant
HHsearch probabilities (>95%). Taken together, these results provide convincing evi-
dence that four NCLDV families encode T7-like SSB homologs. The detected relation-
ship is not only reliable, but also specific because of distinct features of the T7 gp2.5
OB-fold domain. In T7 gp2.5, the capping a-helix is inserted between strands B2 and 33
in contrast to its typical position between 33 and 4.

The identified relationship between putative NCLDV SSB proteins and T7 gp2.5
suggests their similar role in DNA replication and recombination. This notion is
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strengthened by the genomic context. We noticed that frequently putative NCLDV SSB
proteins are encoded in the vicinity of proteins involved in DNA replication and recom-
bination, such as DNA polymerases, helicases, topoisomerases, clamp and clamp loader
subunits. Moreover, transcriptomics data indicate that putative SSB genes in Frog virus
3 (Iridoviridae), PBCV-1 (Phycodnaviridae) and Mimivirus are actively expressed early
in the infection, together with DNA replication components (85-87).

Structure of NCLDV SSB proteins is consistent with the single-stranded DNA
binding function. To get a further insight regarding structure and function of putative
NCLDV SSB proteins, we constructed a homology model for a representative (gi:
340025795) from the phycodnavirus PBCV-1. The model was built using iterative opti-
mization of both the sequence—structure alignment and the set of protein structures used
as modeling templates (24). The initial PBCV-1 SSB model was constructed using the
crystal structure of T7 gp2.5 (PDB: 1je5) as the single template. However, our analysis
suggested that the capping a-helix (al in T7 gp2.5; Fig. 2.14) and the adjacent region of
PBCV-1 SSB might be more similar to the corresponding OB-domain substructure of the
herpesviral SSB protein (ICP8, PDB: 1lurj). Indeed, the combination of T7 and
herpesviral SSB structures led to a substantial improvement. According to the energy
estimation with ProSA-web, the final PBCV-1 SSB model (available at:
http://www.ibt.1t/bioinformatics/models/pbcv1_ssb/) fared better than the T7 gp2.5 struc-
ture, for which missing loops were modeled-in before the evaluation. Thus, evaluation
results suggested that the model is likely to be sufficiently accurate for the exploration of
functional properties.
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Fig. 2.14 Alignment of the OB-fold region of SSB proteins from T7-like phages, NCLDVs and
herpesviruses. Secondary structures of T7 gp2.5 and herpes simplex virus 1 ICP8 are shown,
respectively, above and below the alignment. NCLDV SSB residues predicted to interact with
ssDNA are indicated with asterisks above the alignment. Residues, whose importance in the in-
teraction with ssDNA was established experimentally in T7 and Suid herpes virus 1 SSBs, are
indicated with the black frame. For T7 gp2.5, these are K109 and Y158 and for SHV1 ICP8
K756 and K970. NCLDV SSB protein labels have green background. PBCV-1 SSB is under-
lined.

To see whether the modeled PBCV-1 SSB structure indeed is suggestive of the sin-
gle-stranded DNA (ssDNA) binding, we examined its surface properties (Fig. 2.15).
Consistent with the predicted ssDNA-binding function, we observed an increased posi-
tive electrostatic potential in the region, which is thought to bind ssDNA in T7 gp2.5
(88). Moreover, we established that the same PBCV-1 SSB surface region features some
of the highest evolutionary conservation (Fig. 2.15, B). Based on the conservation and/or
electrostatic properties, we identified four residues that are most likely to participate in
the ssDNA binding (Figs. 2.14 and 2.15).
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Fig. 2.15 PBCV-1 SSB structural model and its putative ssDNA-binding site. Residues predict-
ed to be important for ssDNA binding are labeled. (A) The surface electrostatic potential map.
(B) The position-specific conservation of NCLDV SSB proteins mapped onto the surface of the
PBCV-1 SSB model. (C) Cartoon representation of the model with labeled residues shown as
sticks.

The involvement of at least two of these residues in ssSDNA binding is supported by
experimental studies of T7 and herpesviral SSB proteins. Suid herpes virus SSB K756
corresponding to PBCV-1 SSB K139 is critical for ssDNA binding (89), while the point
mutation of respective T7 2.5 residue (K109I) alters the ssDNA-binding mode (88). The
Y 158C point mutation renders T7 SSB defective in ssDNA binding (88), presumably by
disrupting the stacking interaction with a nucleotide base. Consistent with such a role,
the corresponding position in NCLDV SSB proteins (W182 in PBCV-1 SSB) is occu-
pied exclusively by aromatic residues. The SSB protein of Suid herpes virus also has an
aromatic residue (Y971) in this position. Although the importance of Y971 has not been
addressed directly, the mutation of adjacent lysine (K970) significantly affected ssDNA
binding (89). The importance of the remaining two positions in NCLDV SSB proteins
(K141 and R194 in PBCV-1) has no experimental support coming from either T7 or
herpesviral SSBs. However, their location within the putative ssDNA-binding cleft and a
fairly strong conservation suggest a likely role in ssDNA binding.

2.7.2. Poxviral SSB proteins (the I3 family) are evolutionary distinct

In poxviruses, we did not detect either T7 gp2.5-like or any other OB-fold-
containing SSB homolog. On the other hand, vaccinia virus, the prototypic poxvirus, has
long been known to encode the ssDNA-binding protein, named I3 (90). Several reports
have provided convincing evidence that I3 is the replicative SSB protein and a major
player in viral DNA recombination (91,92). However, despite extensive efforts, no rela-
tionship between 13 and any other protein family could be established (92).

To search for homologous proteins related to the I3 family, we first performed
standard PSI-BLAST and jackhmmer runs (up to five iterations, inclusion E-value =
0.001) against the nr70 sequence database using representative I3 sequences as queries.
However, these searches revealed no statistically significant matches outside of the I3
family. To increase sensitivity, we performed the same searches with the more permis-
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sive E-value inclusion threshold (0.01). This time, jackhmmer (but not PSI-BLAST)
readily detected small protein B (SmpB) sequences as significant matches. To test
whether the I3 alignment with SmpB is indicative of true homology or is just a spurious
match, we performed additional analyses. We noticed that only the central region of 13
sequences was aligned to SmpB. It is commonly known that sequence segments of low
complexity or unrelated domains may hinder homology detection. Thus, we reasoned
that if I3 and SmpB are homologous, the removal of unaligned regions of I3 should im-
prove the detection of SmpB. This indeed turned out to be the case. One of the N- and C-
terminally truncated 13 sequences (Crocodilepox virus 13; gi: 115531731) in the
jackhmmer search was now able to detect SmpB using a more stringent inclusion thresh-
old (E-value = 0.001).

Next, we performed homology searches using HHsearch. Initially, we generated pro-
files based on representative full-length 13 sequences and queried them against the PDB-
derived profile database. HHsearch detected SmpB from Aquifex aeolicus (PDB: 1p6v)
as the best match. The most significant results (HHsearch probability = 89%) were ob-
tained using the Yoka poxvirus 13 (gi: 345107239) profile. This result alone would not be
considered entirely reliable. However, HHsearch and jackhmmer returned essentially
identical alignments for the same central region of 13 (Fig. 2.16). Moreover, when we
ran queries with profiles based on truncated I3 sequences, HHsearch results in detecting
SmpB have improved further, reaching the 95% probability (e.g. 13; gi: 41057468). Col-
lectively, all these homology search results strongly suggest common ancestry for I3 and
SmpB families.
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Fig. 2.16 Similarity between poxviral SSB (I3) and SmpB families. (A) Distinct sequence re-
gions of I3. (B) Multiple alignment of SmpB and I3 representatives. The structure-derived sec-
ondary structure of A.aeolicus SmpB (PDB: 1p6v) and the predicted secondary structure of
Vaccinia I3 are shown above and below the alignment, respectively.

SmpB is a bacterial protein that binds tmRNA, a hybrid RNA molecule having func-
tions of both transfer RNA and messenger RNA. SmpB adopts a distinct structural fold
with no significant similarity to any other structures (93). Despite that, SmpB was pro-
posed to contain an "embedded" OB-fold (93), a proposition that appears to be mislead-
ing. Our analysis revealed that the SmpB structure is a bona fide duplication of the Bafj
structural motif (Fig. 2.17). Thus, the pseudosymmetric SmpB structure, made of two
consecutive repeats, is in stark contrast to the repeat-free asymmetric OB-fold.
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Fig. 2.17 SmpB consists of to structurally similar motifs. (A) Structure of A. aeolicus SmpB
(B) Structurally similar motifs of A. aeolicus SmpB superimposed using Dali.

Interestingly, only the second SmpB repeat is aligned with I3 in its entirety (Fig.
2.16), suggesting its stronger evolutionary conservation. Consistent with this notion, the
aligned regions of both SmpB and I3 harbor a number of functionally important residues
(92,94). The central SmpB-like region of 13 is followed by the C-terminus, enriched in
aspartates and glutamates and predicted to feature a significant intrinsic disorder. In this
regard, the I3 C-terminus is reminiscent of unstructured acidic tails involved in protein—
protein interactions in canonical bacterial and phage SSB proteins.

2.7.3. Taxonomic distribution of NCLDV SSBs and its evolutionary implications

We mapped the resulting distribution of NCLDV SSB proteins onto the consensus
phylogenetic tree of NCLD viruses (Fig. 2.18). As NCLDVs are thought to be monophy-
letic (43), the distribution is suggestive of T7-like SSB being already present in the an-
cestral virus. This is consistent with the idea that bacteriophages played an important
role in the early NCLDV evolution (43,95,96). Indeed, many of NCLDV genes essential
for genome replication (DNA primase-helicase, NAD-dependent ligase and Holliday
junction resolvase) show bacteriophage origins (97). Our newly detected T7 gp2.5-like
protein family is yet another addition to this list. On the other hand, the unrelated 13 fam-
ily, confined to poxviruses, is likely the result of a more recent non-orthologous re-
placement event.

T7-like

T7-like

T7-like

Phycodnaviruses; arseilleviruse:

Poxviruses

Fig. 2.18 Distribution of T7-like and I3 SSB families mapped onto the consensus NCLDV evo-
lutionary tree (adopted from (97)).
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CONCLUSIONS

. The presence and the nature of DNA replicases encoded in the genomes of
dsDNA viruses is related to the genome size. Small viruses (<40 kbp) use
protein-primed DNA replication or rely on replication proteins from the host.
Larger viruses tend to encode their own DNA polymerases more often. Larg-
est viruses (>140 kbp) have their own RNA-primed replication apparatus of-
ten supplemented with processivity factors and sometimes by clamp loaders.

. PhiKZ phages have highly divergent B-family DNA polymerases.
. As genome size increases viruses tend to encode their own replication pro-
teins more frequently. Replicative helicase is the most common replication

protein in dsDNA viruses.

. Herpesviral helicase-primase subunit UL8 is inactivated B-family polymer-
ase.

. Largest eukaryotic viruses (NCLDV) have at least two families of SSB pro-
teins, which are evolutionary distinct.
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REZIUME

Sugebe¢jimas daugintis yra biitina visy gyvy esybiy savybé. Genetinés informacijos
kopijavimg atlieka replikacijos baltymai. Laisvai gyvenantys Igsteliniai organizmai turi
tuos pacius replikacijos baltymus nepriklausomai nuo genomo dydzio. O kaip yra
virusuose, kuriy geneting informacijg kaip ir Igsteliniy organizmy atveju taip pat koduoja
dvigrandé¢ (dg) DNR? DgDNR virusai pasiZymi ne tik replikacijos baltymy jvairove, bet
ir placiu genomy dydzio spektru. Jy genomo dydis gali skirtis net 500 karty (nuo 5 iki
2500 kbp). DNR replikacija gerai istirta T7, T4 faguose ir herpes virusuose, taciau kity
dg DNR virusy dauginimasis vis dar lieka paslaptimi. Ar maZiau Zinomi virusai naudoja
jau charakterizuoty replikacijos baltymy variacijas? O gal jiems budingos dar neZinomos
DNR replikacijos strategijos?

Norint atsakyti j auk$¢iau pateiktus klausimus buvo atlikta pirma tokios placios
apimties analize, kurioje tirti replikacijos baltymai visuose Zinomuose bakterijy, archéjy
ir eukarioty dgDNR virusuose. Naudojant pazangiausius kompiuterinius metodus buvo
identifikuoti ir charakterizuoti virusy replikacijos baltymai bei nustatyti jy pasiskirstymo
genomuose désningumai. Tyrimas vyko dviem etapais. IS pradziy tirti replikazés
baltymai (DNR polimerazées, procesyvumo veiksniai, Ziedo uzkélimo kompleksai).
Veliau tyrimas papildytas kitais replikacijos baltymais (DNR praimazées, helikazes,
viengrand¢ DNR suriSantys baltymai, pradmens paSalinime dalyvaujancios nukleazes,
DNR ligazés ir topoizomerazes).

Sio darbo metu atskleista, kad replikazés komponenty (ne)buvimas genome ir jy
tipai priklauso nuo viruso genomo dydZio: mazi virusai (<40 kbp) daZnai neturi DNR
polimeraziy arba turi B-Seimos polimerazg, kaip pradmenj naudojancig baltyma.
Didéjant genomui virusai vis dazniau koduoja nuosavg DNR polimerazg, o patys
didZiausi atstovai (>140 kbp) daZnai papildomai turi procesyvumo veiksnj ir kartais jo
uzkeleéja. Nustatyta, kad didéjant genomui virusai daZniau koduoja ne tik nuosavus
replikazés, bet ir kitus replikacijos baltymus. Sios jZvalgos paskatino atidZiau
iSanalizuoti dideliy genomy phiKZ fagus ir eukarioty virusus bei juose naujai rasti
atitinkamai DNR polimerazes ir viengrand¢ DNR suriSancius baltymus. Netikeétai,
pastarieji buvo giminingi ne eukarioty, bet T7 fagy baltymams. Nuostabg kél¢ ir tai, kad
daZniausias virusy replikacijos baltymas yra ne DNR polimeraze, o helikazé. Jg tur¢jo
net 70% visy dgDNR virusy. Beje, detali herpes virusy helikazés-praimazés analize
atskleidé dar vieng netikétumg. Nors herpes virusy replikacijos aparatas yra vienas
geriausiai iStirty, taciau iki Siol nebuvo Zinoma, kad jy helikazés-praimazes komplekso
baltymas ULS yra inaktyvuota B-Seimos DNR polimerazé.
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