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Abstract

Background: Viral DNA-binding proteins have served as good models to study the
biochemistry of transcription regulation and chromatin dynamics. Computational analysis of viral
DNA-binding regulatory proteins and identification of their previously undetected homologs
encoded by cellular genomes might lead to a better understanding of their function and evolution
in both viral and cellular systems.

Results: The phyletic range and the conserved DNA-binding domains of the viral regulatory
proteins of the poxvirus D6R/NIR and baculoviral Bro protein families have not been previously
defined. Using computational analysis, we show that the amino-terminal module of the D6R/N IR
proteins defines a novel, conserved DNA-binding domain (the KilA-N domain) that is found in a
wide range of proteins of large bacterial and eukaryotic DNA viruses. The KilA-N domain is
suggested to be homologous to the fungal DNA-binding APSES domain. We provide evidence for
the KilA-N and APSES domains sharing a common fold with the nucleic acid-binding modules of
the LAGLIDADG nucleases and the amino-terminal domains of the tRNA endonuclease. The
amino-terminal module of the Bro proteins is another, distinct DNA-binding domain (the Bro-N
domain) that is present in proteins whose domain architectures parallel those of the KilA-N
domain-containing proteins. A detailed analysis of the KilA-N and Bro-N domains and the
associated domains points to extensive domain shuffling and lineage-specific gene family expansion
within DNA virus genomes.
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Conclusions: We define a large class of novel viral DNA-binding proteins and their cellular
homologs and identify their domain architectures. On the basis of phyletic pattern analysis we
present evidence for a probable viral origin of the fungus-specific cell-cycle regulatory
transcription factors containing the APSES DNA-binding domain. We also demonstrate the
extensive role of lineage-specific gene expansion and domain shuffling, within a limited set of
approximately 24 domains, in the generation of the diversity of virus-specific regulatory proteins.

Background virus-host interactions. An array of regulatory systems
Large DNA viruses of bacteria and eukaryotes have complex =~ mediate activation or repression of expression of specific
life cycles with several distinct phases that involve diverse  batteries of viral genes that are required at different phases
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of the life cycle. Other sets of regulatory genes directly inter-
act with components of the host cell and modulate its
response to the virus [1-3]. Studies on these viral regulatory
systems have revealed a pivotal role of transcription and
chromatin organization in the control of gene expression
and have contributed to the basic understanding of these
processes in various model systems [1,3]. Several viral DNA-
binding regulators have conserved domains that are shared
with cellular transcription factors. The classic helix-turn-
helix (HTH)-domain proteins, which govern the switch
between the lysogenic and lytic pathways of temperate bac-
teriophages, and repressors containing the MetJ/Arc
domain are well-known examples of such regulatory DNA-
binding proteins in prokaryotic virus-host systems [4-8].
Large eukaryotic DNA viruses, such as poxviruses, phycod-
naviruses, phaeoviruses, asfarviruses, iridoviruses (all of
which form the recently identified monophyletic clade of
nucleo-cytoplasmic large DNA viruses (NCLDVs) [9]), bac-
uloviruses and herpesviruses, also encode a number of tran-
scription factors. Some of these share domains with
regulatory proteins of their eukaryotic hosts, for example the
FCS zinc finger and the TFIIS-like zinc ribbon [9].

Much less is known of the domain architecture and evolu-
tionary history of those viral DNA-binding regulatory pro-
teins whose cellular homologs have not (yet) been identified.
For example, the baculovirus repeat ORFs (Bro) proteins are
a family of DNA-binding proteins that may regulate both
viral and host transcription or chromatin structure, but no
homologs, cellular or otherwise, have been identified for
these proteins [10,11]. The regulatory proteins of the pox-
viral variola D6R/Shope fibroma virus N1R family have been
shown to bind DNA and probably regulate apoptosis of the
host cell [12]. All these proteins contain a conserved amino-
terminal domain, for which no homologs outside this family
have as yet been reported. These proteins additionally
contain a carboxy-terminal RING finger domain [13], and
some of them also contain a single-stranded nucleic-acid-
binding CCCH domain between the amino-terminal domain
and the RING finger.

During the comparative analysis of DNA viruses of the
NCLDV class [9], we observed that the amino-terminal
domain of the D6R/N1R family and baculoviral Bro-family
proteins have a wide range of homologs in both DNA viruses
and cellular genomes. Typically, these domains were identi-
fied in multidomain proteins that additionally contained
several previously undetected, evolutionarily mobile
domains occurring in different contexts. These observations
suggested the existence of a common, previously uncharac-
terized set of regulatory proteins (domains) encoded by
numerous eukaryotic and bacterial DNA viruses, as well as
some of their host genomes.

To gain a better understanding of the functions and evolu-
tion of these regulatory proteins, we initiated a detailed

analysis of their sequences using position-specific-score
matrix searches, sequence-structure threading, secondary-
structure prediction and structure comparisons. Here we
describe the functional predictions and evolutionary history
of these viral regulatory proteins and their cellular homologs
that were detected as a result of these analyses. The compar-
ison of the domain architectures of these proteins points to a
major general role for combinatorial shuffling of a small set
of domains in the evolution in transcriptional regulators of
eukaryotic and bacterial DNA viruses.

Results and discussion

Identification of the KilA-N domain in diverse viral
proteins and its potential relationship to APSES and
LAGLIDADG domains

To determine the evolutionary affinities of the D6R/N1R
amino-terminal regions, we initiated a PSI-BLAST search of
the non-redundant (NR) protein database (National Center
for Biotechnology Information), which was seeded with the
sequence of the corresponding region from the variola virus
D6R protein. This search not only recovered homologous
proteins from almost all poxviral proteomes, but also previ-
ously undetected homologs from the Chilo iridescent virus, a
variety of y-proteobacterial temperate phages (such as KilA of
the phage BPP1), and chromosome-encoded proteins from
Neisseria meningitidis, Xylella fastidiosa, Salmonella
paratyphi and Clostridium difficile (Table 1, Figure 1a). The
presence of this conserved region in the amino terminus of
the BPP1 KilA protein, which is involved in killing the host
cells [14], with another distinct conserved carboxy-terminal
region (Figure 2), suggests that this region is a mobile
domain that is present in different proteins in independent
contexts. Accordingly, this domain was named the KilA-N
(terminal) domain (Table 2). In all proteins shown to contain
the KilA-N domain, it occurs at the extreme amino terminus
accompanied by a wide range of distinct carboxy-terminal
domains other than the RING finger or CCCH domains that
are seen in the poxviruses (Figure 2 and see below).

PSI-BLAST searches seeded with the KilA-N domains from a
diverse set of viral and bacterial proteins also consistently
recovered fungal transcription factors that are involved in
cell-cycle-specific gene expression and filamentation, with
E-values of borderline statistical significance (0.05-0.15).
These hits precisely mapped to the APSES DNA-binding
domain, which is shared by a range of fungus-specific tran-
scription factors, such as MBP1p, SWI4p, PHD1p and
SOK2p from Saccharomyces cerevisiae and Stunted A from
Aspergillus nidulans [15]. For example, a search initiated
with the KilA-N domain of Pseudomonas phage D3 Orf11
(gi:90635595) recovered the APSES domain of Saccha-
romyces MBP1p with an E-value of 0.05 in iteration 3. Reci-
procal searches with the profiles of APSES domains,
similarly recovered the KilA-N domain with borderline
E-values. As an example, a profile seeded with the MBP1p
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Distribution of KilA-N, Bro-N and associated conserved domains in viral and cellular proteomes

Organism

Host, if phage or virus

Domain architectures

NCLDVs, baculoviruses

Proteobacteria

Low-GC Gram-positive bacteria/
Firmicutes

High-GC Gram-positive bacteria

Phages BP7888, BP933WV,
BPHK97, BPN 15, BPHK620,
BPHKO022, BP¢-R73 BPP22,
BPH-19B, BPPI, BPP4, BPP27,
BP$80, BPT5, BPVT2-Sa

Phage P22

Eukaryotes

Escherichia coli

Salmonella typhimurium

KilA-N solo (AMV, FPV)

KilA-N + Bro-C (AMV, CIV, FPV)

KilA-N + T50RF172 (CIV)

KilA-N + RING finger (chordopoxviruses); ectromelia p28 [12]
KilA-N + CCCH + RING finger (FPV)

Bro-N solo (MSV, AMV, HzNV, LdNV, XnGYV)

Bro-N + Bro-N (CnBV, CpGYV, PxGV)

Bro-N + T50RFI172 (CIV, MSV, ESV, baculoviruses)

Bro-N + Bro-C (AMYV, baculoviruses); BroA, BroD of BmNV [10]
Bro-N + Bro-N + Bro-C (HaNV)

Bro-N + VSR nuclease (MSV, CIV)

Bro-N + Bro-N (CnBV, CpGV)

Bro-N + Bro-C (AMV, baculoviruses)

MSV199 solo (MSV)

MSV199 + T5ORFI172 (AMV, MSV, CIV)

MSVI199 + UVRC (CIV)

MSV199 + Bro-C (CIV)

Bro-C solo (CIV, DpAV4, AcNV, BmNV, EpNV, LdNV, LsNV, MbNV, OpNV)
T50RF172 solo (CIV, LANV)

KilA-N solo (N. meningitidis, X. fastidiosa)

Bro-N solo (N. meningitidis, X. fastidiosa, Pseudomonas aeruginosa)
Bro-N (2/3 copies) + XF1559 (X. fastidiosa)
XF0704 + Bro-N (X. fastidiosa)

Bro-N + P22AR-C (Escherichia coli)

KilA-C solo (E. coli)

$31-ORF238N + P22AR-C (Haemophilus influenzae)
$31-ORF238N + wHTH (N. meningitidis)

XF0704 solo (X. fastidiosa)

XF1559 solo (X. fastidiosa)

RHA solo (Pasteurella multocida)

RHA + D3ORFI I-C (H. influenzae)

RHA + ASH (Shigella flexneri)

D3ORF! I-C + P22AR-N (E. coli)

bIL2850RF6-N solo (E. coli)

ASH solo (E. coli, S. flexneri)

T50RF172 solo (N. meningitidis)

Bro-N solo (Streptococcus pyogenes)

Bro-N + HTH (S. pyogenes)

Bro-N + KilA-C (S. pyogenes, Staphylococcus aureus)

RHA solo (Streptococcus pneumoniae)

$31-ORF238N + KilA-C (S. pyogenes, S. aureus)
$31-ORF238N + ¢SLT-orf81a (Clostridium acetobutylicum)
T50RF172 solo (Bacillus subtilis)

KilA-C solo (Lactococcus lactis)

Bro-N solo (Streptomyces coelicolor)

Bro-N solo (BPNI5)

KilA-N + KilA-C; phage Pl- KilA [14]

KilA-N + D3ORFI I-C (BPHK620)

KilA-N + p63C (BP933W, BPHK97)

RHA solo (BP$80); BPP22 ORF 201 [47]

RHA + KilA-C (BPHK022, BP933W, BPPI, BPH-19B, BPHK97, BPHK620,
BPVT2-Sa); Reduced on IHF- (ROI) [48]

KilA-C solo; bacteriophage PI antirepressor Antl/Ant2 [49]
$31-ORF238N + P22AR-C (BP933W, BPVT2-Sa)

D3ORFI I-C + P22AR-N (BP933W, BP7888)

ASH solo (BPP4, BP$-R73, BPN15)

bIL2850RF6-N + P22AR-C (BPVT2-Sa)

T50RF172 solo (BPTS5, BPP27)

P22AR-N + Bro-N + P22AR-C; BPP22 antirepressor [33,34]
RHA + D3ORFI I-C [46]
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Table | (continued)

Organism Host, if phage or virus Domain architectures
Phage APSE-| Buchnera aphidicola RHA (solo)

Bro-N (solo)
Phage D3 Pseudomonas aeruginosa  KilA-N + D3ORFI |-C

BPPV83, BPGETA, BPHSLT Staphylococcus aureus

Bro-N + KilA-C (BP$PV83)

$31-ORF238N + KilA-C (BPYETA)
OSLT-ORF8la solo (BPYSLT)
RHA solo (BP$SLT)

BPbIL285, BPbIL286, BPbIL3 1 I, BPbIL309,
BPpi3, BP¢31.1, BPTP90I-1, BPRIT,
BPBKS-T, BPLL-H, BPTuc2009

Lactococcus lactis

Bro-N + KilA-C (BPRIT, BPBKS5-T, BPLL-H, BPbIL309)
KilA-C solo (BPRIT)
RHA solo (BpbIL310, BPbIL31 1)

$31-ORF238N + bIL2850RF6-C (BPpi3, BPTuc2009, BPbIL286, BP$31.1)
bIL2850RF6-N + bIL2850RF6-C (BPbIL285, BPTP901-1)

LcBPA2 Lactobacillus casei Bro-N solo

BPTP-J34, BPSfi2| Streptococcus thermophilus  $31-ORF238N + KilA-C
BPAI118 Listeria monocytogenes $31-ORF238N + KilA-C
BPSpfc2 Bacillus subtilis RHA + KilA-C

BPMx8 (Myxococcal phage) Mpyxococcus xanthus Bro-N + p63C

APSES domain and including all APSES domains in the NR
database detects the N. meningitidis protein NMA1544
(gi:11290039) with an E-value of 0.1 in iteration 3. Given the
availability of the three-dimensional structure of the APSES
domain of the MBP1p protein [16,17], we investigated this
potential relationship using the KilA-N domain sequences for
sequence-structure threading of the PDB database with the
3DPSSM, PSIPRED and combined-fold prediction algo-
rithms. Both 3DPSSM and PSIPRED gave hits (E-value
approximately 0.05 for 3DPSSM and probability of matching
approximately 0.8 for PSIPRED) that implied a 90% cer-
tainty of the KilA-N domain adopting the same fold as the
APSES domain (PDB 1bm8/1bm1). Additionally, the
3DPSSM threading also suggested that the LAGLIDADG
endonuclease domain [18] (E-value 0.2; approximately 80%
certainty) shared a common fold with the KilA-N proteins.
Threading with the combined-fold prediction algorithm also
gave the MBP1p APSES domain as the best hit with a very
high Z-score (Z = 60), suggesting that the KilA-N domain was
highly likely to adopt the same fold as the APSES domain.

Secondary-structure prediction using the Jpred method [19],
with a multiple alignment of the KilA-N domain used as the
input, pointed to an a+p fold with four conserved strands
and at least two conserved helices. This predicted secondary
structure of the KilA-N domain, with a head-to-tail dyad of a
2-B-strand-a-helix unit (Figure 1a), is identical to the sec-
ondary structure seen in the conserved core of the APSES
domains. Structural comparisons using the DALI program
[20], indicated that the core fold shared by the KilA-N and
APSES domains is more distantly related to the LAGLI-
DADG site-specific DNA endonucleases and the amino-
terminal domain of the tRNA splicing endonucleases (TEN

domain) (Figure 1b) [21]. Three-dimensional superpositions
of the three of these domains for which structures are avail-
able aligned the C-a atoms with a root-mean-square devia-
tion of 3.2 A or less for approximately 60 residues. A search
with the APSES domain (PDB 1bm8) using the VAST
program [22] detected significant structural alignments with
both the LAGLIDADG and the TEN domains (p approxi-
mately 104). The structural similarity between the TEN
domain and LAGLIDADG nuclease domain has been previ-
ously noted [23], but the connection of both of these with the
APSES domains has not been reported before to our knowl-
edge. We noticed, however, that, although the TEN domain
is related to the LAGLIDADG endonucleases, the active-site
residues are not preserved in the former, and the TEN
domain probably functions as a RNA-binding domain rather
than a nuclease. These observations suggest that the APSES,
LAGLIDADG and TEN domains, together with the KilA-N
domain, define a novel nucleic-acid-binding fold with a con-
served (B,a), core (Figure 1b). Previously, it had been pro-
posed that the APSES domains were related either to the
winged HTH or to the basic helix-loop-helix (bHLH)
domains [16,17,24]. These connections are not, however,
recovered in any sensitive sequence-profile or structural
similarity searches. A direct comparison of the structures
also showed that the only domains that share a similar topol-
ogy and conformation with the APSES domain are the
LAGLIDADG and TEN domains. This implies that the previ-
ously proposed relationships for the APSES domain are
unlikely to represent the true evolutionary connections.

A comparison of the multiple alignment of the KilA-N and
APSES domains showed that several -characteristic
hydrophobic/aromatic residues were conserved between the
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Sec. Structure ° EEEEEEEE. . .
NVA1544_Nm 11290039 LI PRVESG - - El | PQRMBD- - - CYI NATALCKSVG- - - - KSYSCYRQLQSTNHFLNELKAQTGLS- -
NMVB0900_Nm 11281012 NVSVLNFG- - - NTPVSFRQD- - - CFLNATAI ASHFG- - - - KLPKCYLKSEQTQQYI SALAENLSVRRKI -
AW132_AW_9964446 13 NYWCLHI N- - - DFNLI YNKKL- - NLYNASRVCDI YE- - - - KNI HI WLE- ENYDYTI KYLKI KE- -

N~

108
113

- - | NDHVSI | NNNKESSLNGLYVSEHI LLCI SI -

KI LA_BPP1_125404 21 STTLPVI G - - GVEI TTDRA- - - GRYNLNAL HRASGL GAHKAPACWL RTL SAKCLI EELEKE- - - TMONCI VSFEGRGG- - - GTFAHELLAVEYAG 121 > 1
HKBK_BPHK620_13559861 1 - MKAI TLF- - - NTPI RVDES- - - CM CLTCMAKASGKSESESPYHYL RNKQTKEFLAELEK- - - - 99\ 2
Orf11_BPD3_9635595 16 NVI PFHYQ- - - GKPVRFNSD- - - CW NATCI AAAHG - - - MRLDNLRNKETEAYI EALARHLNTS- - - - - - - - - - - - - - - - DSRODLI GG - - GTW.HPKLAVAFAR- 116 /
XF2294_Xf _11345968 19 TTQQLAIN-- - SLPI R- EQD- - - CLYSLNDFHKASGGAVRHRPSEFL RLDKTKALVVEL TNSPEFVSSI KGG- - - APHLFVRKEKGRAG- - - STFACRELAI AYAS- 128
Gp73_BPHK97_9634189 3 NI | Pl CFE- - - GHPNRESDD- - - CWFDATAAADKFN- - - - KEPACWLRLPETVRYI EALKSRYGNI - - - - TYVKTSRARKDRGG- - - GTW.HPKLAVRFAR- 103 > 3
Cl'V315L_Cl V_15079027 15 NFYYGLFR- - - DFKLVVDKNT- - ECFNATKLCNSGG - - - KQFRQWIRLEKSKKLMEYYSRRGSQQ- - - - MYEl KGDNKDQLVTQTTGTYAPI DFFECI KR- 119 > 4
FPV124_FPV_9634794 14 RFCYI KYD- - - KFDLI MVKEN- - RFI NATKLCKLGG - - - KDFHRWKRLDGSKELM KVNEMNEMAKSAPPPPDLGG - - - - | | EVNGSNQYTEYD- | AGSYVHQOLI PHI AS- 129\ 5
AW112_AW_9964426 14 SYYYGLFG - - DFKLVI DKTT- - CCFNATKLCNLSG- - - - KRFRNW RLDRSKCLLKYMENYRSSYVSVG- - - - - - - FYEVKGDNNNKTSKEI TGQYVPKEVI LCI SS- 122 |
AW024_AW__9964338 14 SYYYGLFG - - DFKLVI DKTT- - CCFNATKLCNLGG- - - - KKFKQWKRLEKSCQELI DYl KNNRGGDPHPG- - - - FYETKGDNKDENVKKI TGCYVPKEVI LCI SS- 122 |
Cl VoO6L_Cl V_15078718 15 TFYKG.FG - - DFPLI VDKKT- - CCFNATKLCVLGG - - - KRFVOWAKTLRSKKLI QYYETRCDI KTESL- - - - LYEI KGDONNDEI TKQ TGTYLPKEFI LCI AS- 123 |
Cl V313L- Cl V_15079025 15 NFYYGLFG - - DFKLVVDKNT- - ECFNATKLCNSGG- - - - KRFROWI KL EKSKKLMEYYKGRRDDHRGGSN- - - FYEVKGDNKDDEVSKTTGCYVKKELI LCI AS- 124 |
AW110_AW_9964424 14 SYYYGLFG - - DFKLVI DKTT- - CCFNATKLCNLGG- - - - KQYROWKRLEKSKELI KTLI NVRRENSRVW - - - EYNI | SNNNHEI HKQYTGYYVSKELI LCI AS- 122 |
AW100_AW_9964414 13 TFYSAHI N- - - SYCLVI DKKT- - CFFNASYVCI KNY- - - - RKI NNLNNKKTI KLI KYYMNLLNNKNN- - - - - - - - - - - - - - NNNKI KYKI VDKYDNI NGl YLHPI LLNHLLD- 117 /
FPV161_FPV_9634831 14 CFLILYYD- - - SI El | VMBCN- - HFI NI SALLAKKN- - - - KDFNEWLKI ESFREI | DTLDKI NYDLGQRYCEEPYGASHSSVI | EVKASNLI DDRTA- - GFYVHKOLI PYI LT- 132
FPV236_FPV_9634906 26 YFMBMKLL- - - DVEWI NRSN- - CFVNI TRLCNLEG- - - - KDFNCWKQLESSRRLLNTLKDNNKLH- - - - - - - - - - - - - - - - DPI | NI RHTRI KI N- - - GEYVSQLLLDYVI P- 127
FPV155_FPV_9634825 14 EFCYI QYS- - - GFHLVMVI SN- - CYI NASKLCDT- - - - - - KDFKKW.RLDSSLSLLCEl ENTNFPSEKKFSI KNS- - - - KSVI | LEKYYHEEVE- - GYYI HPCI LPHI VG- 123
FPV159_FPV_9634829 11 KFSYI |1 YD--- KIKI | | NKSN- - N\YVNATRLCELRG - - - RKFTNKKLSESKI LVDNVKKI NDKTNQLKTDM - - - 11 YVKDI DHKGRDTC- - GYYVHQDLVSSI S\ 120
FPV248_FPV_9634918 11 NFCKLSYE- - - DI El | MVKEN- - EYl NATRLCSSRG - - - RDI LDWWBKESSVELI NELDRI NRSCNDYYD- - - - - - YRG VLNWWSDSETS- - ELYVHRCLI LHI SH- 118
FPV163_FPV_9634833 14 HFCYI KYD- - - G TLTMVKDN- - CYI NATCLCMLGN- - - - KDFKEW KLDHSI ELI KEI EKNI NKETTKYVKAVI S- - - VRSDYYNSETSNDI K- - GFYl HG\I MPHI CA- 126
FPVO75_FPV_9634745 14 NFCFI NYA- - - NI EVI MLKYN- - CYI NATKI COLGN- - - - KNFROWCRLESSKKLI KTLNYKNG! YNKAVL- - - - - - - - - - - El GLASNSAYKYELV- - GTYVHI DLVPHI | G- - - - - - WWFPSI ALNFSKI LNSY 121
FPV157_FPV_9634827 34 SFDSI KYR- - - DI KVI | NKNN- - CYVNCSKLCKMVRN- - - - KYFSRWLRLSTSKALLDI YNNKSVDN- - - - - - - - - == - - - - - Al VKVYGKGKKLI | T- - GFYLKQ\M RYVI E- - - - - - W GDCFTNCI YKV NFY 136 > 6
FPV150_FPV_9634820 12 EYRVI EDN- - - GFSI | LLKHT- - EYI N\VTKLCKI HN- - - - KEFYRWKRLI SAGRI | ETVSRDI SNQGFE- - - SPLVYVNRKGNKEFY- - GFYAHPCLALYI AK- - W SECI FNKI KHLI NSY 117 \ 7
p28_EV_1360841 19 LQYI DEPN-- - DI RLPVCI | RSTYFI NI TKI NPDLA- - - - NQFRAVKKRI AGRCYMINLSRDTG QQSK- - - LTETI RNCQKNRNI Y- - GLYI HYNLVI NVVI - CW TDVI VQSI LRCLVNW 131 |
D6R_VAR 885801 19 LQYI DEPN--- DI RLTVCI | QTYYI NI TKI NPHLA- - - - NQFRAWKKRI AGRCYMINLSRDTG QQBN- - - - - - - - - - - - - LTETI RNCQKNRNI Y- - CLYI HYNLVI NV - - - - - CW TDVI VQSI LRGLVNW 131
1MB1_Sc_3402004 13 VEVYEFI H- - - STGSI MKRKK- DEW/NATHI LKA- - - - - - - - - ANFAK- AKRTRI LEKEVLK- - - ETHEKVQGGFGKYQ- - - GTW/PLNI AKCLAEKFSVYDCLKPLFDFTQTDGSASP 111
MBP1_Kl a_729994 14 VDVYEFI H - - PTGSI MKRKA- DNWNATHI LKA- - - AKFPK- AKRTRI LEKEVI T- - - DTHEKVQGGFGKYQ- - - GTW PLELASKLAEKFEVLDELKPLFDFTQQEGSASP 112
PCT1_Sp_11346262 16 VEVYECFI - - - KGVSVNRRRR- DSW.NATCI LKV- - - ADFDK- PORTRVLERQVQ! - - - GAHEKVQGGYGKYQ- - - GTW/PFCRGVELATKYKVDGI MBPI LSLCI DEGKAI A 114

SCT1_Sp_464742 14 VEVFEYTI - - - NGFPLMKRCH- DNLNATCI LK1
SW4_Sc_666106 45 TCVYECYI RGFETKI VVRRTK- DCW NI TQVEKI

- - AELDK- PRRTRI LEKFAQK-
- - ACFSK- TKRTKI LEKESND-

- - GLHEKI QGG0GKYQ- - - GTW/PSERAVELAHEYNVFCLI QPLI EYS- - - GSAFM 109
- - MOHEKVQGGYGRFQ- - - GTW PLDSAKFLVNKYEI | DPVWNSI LTFQFDPNNPP 146

CC10_Sp_115906 75 NKYMELSC- - - GCDNVALRRCP- DSYFNI SCI LRL. - - AGTSS- SENAKELDLCI | ES- - - GDYENVDSKHPQI D- - - GVWWPYCRAI SI AKRYGVYEI LQPLI SFNLDLFPKFS 173
EFGL_Cal _1169477 215 TLCYQVDA- - - ACMIR- GRRDCI LKSE- - - - - KVRHWKI GSMHLK- - - GVWW PFERALAMACREQ VOMLYPLFVRCI KRVI QTG 310
Sok2_Sc_6323658 425 TLCYQVEA- - - TKMIR- GRRDCI LKAE- - - KI RHWKI GSMHLK- - - GVWW PFERALAI ACREKI ADYLYPLFI RCI QSVLKQN 520
Phd1_Sc_6322808 197 TI CYQVEA- - - NGl SVWRRAD- N\M NGTKLLNV- - - TKMI'R- GRRDCI LRSE- - - KVREWKI GSMHLK- - - GYW PFERAYI LACREQ LCHLYPLFVKCI ESI VDAR 292
MGF-1_Yal y_5139660 132 TLCFQVEA- - - RG CVARRED- NCM NGTKLLNV- - - AGMIR- GRRDCI LKCE- - - KLRHVWWKAGAMHLK- - - GVW PYDRALEFANKEKI | CLLFPLFVRCI KSVLYHP 227
AML_Nc_1517923 127 SLCFQVEA- - - RG CVARRED- NAM NGTKLLNV- - - AGMIR- GRRDCI LKSE- - - KVRHWKI GPMHLK- - - GVWW PFERALCFANKEKI TELLYPLFVHNI GALLYHP 222

StuA Eni 549002 140 SLCYQUEA- - - KGVCVARRED- NGM NGTKLLIV-
SPBC19C7. 10_Sp_7491471 49 LKCTNPES- - KVPHFLMRMAK- DSS| SATSMFRS- - - AFPK- ATQEEEDLENRW - - - | RDNLNPI EDKRVA- - - GLW/PPADALALAKDYSMIPFI NALLEASSTPSTYAT 146
G6G8. 4_Nc_12802359 79 SCl FKSSP- - - PSYFLMRRSQ DCYI SATCMFKA- - TFPY- ASQEEEEAERKY- | KSI PTTSSEETAG - - N\VW PPECAL| LAEEYQ TPW RALLDPSDI AVTATD 175
consensus/ 80% bh...b....s..h.h.bp...shhNhopl hp........... pa. 4 . ppp. AP b PeeeiPeinn Gal..pbh..hsp...... hi.s.h..ph..

(b)

ACGMTR- GRRDCI LKSE- - -

- - KVRNWVKI GPMHLK- - - GYW PFDRALEFANKEKI TCLLYPLFVQH SNLLYHP 235

c

TEN amino-terminal domain APSES domain

LAGLIDADG nuclease domain

Figure |

Sequence and structural analysis of the KilA-N domain. (a) Multiple alignment of KilA-N and APSES domains. Sequences are designated by their gene
name, followed by species abbreviation and the Genbank index (gi) number. Species abbreviations are listed in Materials and methods. The coloring
reflects the conservation profile at 80% consensus of amino acids. h, hydrophobic residues (L,I,Y,F,M,W,A,CV in the single-letter amino-acid code);

a, aromatic residues (F,H,Y,W); and |, aliphatic residues (L,,A,V), all shaded yellow. ¢, charged residues (K,E,R,D,H); +, basic residues (K,R,H); -, acidic
residues (D,E); and p, polar residues (S,T,E,D,R,K,H,N,Q), all colored magenta. s, small residues (S,A,C,G,D,N,P,V,T) colored green. b, big residues
(LILF,M,W,YE,R K,Q) shaded gray. Further grouping of sequences is based on the association of KilA-N with other domains as follows: I, fused to KilA-C;
2, fused to D3ORFI I-C; 3, fused to Mx8p63C; 4, fused to TSORF172; 5, fused to Bro-C; 6, fused to a CCCH domain and a RING finger; 7, fused to a
ring finger. (b) Structural comparison of the APSES, LAGLIDADG and tRNA splicing endonuclease (TEN) domains. The ribbon diagrams were drawn
using Molscript.

two families (Figure 1a), suggesting that they have similar
functional properties. The APSES domains principally bind
specific DNA sequences associated with regulatory regions
of numerous genes expressed in the G1 to S transition of the

cell cycle in yeast [25,26]. The sequence relationship with
the APSES domain, taken together with the evidence of DNA
binding by the D6R/N1R protein [12], suggests that the
KilA-N domain is a previously undetected DNA-binding
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Figure 2

Domain architectures and architecture graphs of the KilA-N, Bro-N and other associated domains. (a) Domain architectures of the KilA-N, Bro-N and
other associated domains. Gene names and species abbreviations are given below the architectures. Species abbreviations are listed in Materials and
methods. (b) Domain architecture graph for the KilA-N, Bro-N and other associated domains. Each vertex represents a domain, and edges indicate
domain combinations. Arrows point from the amino terminus to the carboxyl terminus of a multidomain protein. Architectures involving more than two
colinear domains (see the three-domain proteins in (a)) are connected by red lines. Circular arrows indicate multiple copies of the same domain.

domain that is prevalent in the viral world. This prediction
was also supported by the evidence from mutations to the
conserved KilA-N domain of N1R that affected the localiza-
tion of this protein to viral DNA-containing cytoplasmic
virus maturation complexes (virus factories) [12].

The phyletic patterns of the KilA-N and APSES domains
have interesting implications for the origin of the fungal
transcription factors. Unlike several DNA-binding domains
conserved throughout eukaryotes, such as the home-
odomain, the bHLH, bZip, C2H2 zinc finger and the RFX
domain, APSES domains are restricted to fungi [27,28].
Their closest relatives are the KilA-N domains, which are
widespread in diverse DNA viruses and prophage derivatives
from bacterial genomes. This suggests that APSES domains

probably emerged early in fungal evolution from a viral
KilA-N-like precursor that was acquired by the host cell. An
alternative scenario, that the viral KilA-N domains were
acquired from the fungal APSES domain, is also imaginable.
This appears less likely, however, because the APSES
domains show limited sequence diversity in the fungi, com-
pared with the much greater sequence diversity of the KilA-
N domain in a wide range of DNA viruses that had probably
already diverged by the time fungi emerged (Figure 1a). Fur-
thermore, the viral provenance of the APSES-like domains is
analogous to the recruitment of the transposon-derived
BED-finger domain in cell-cycle-specific transcription
factors such as BEAF-1 and DREF in the arthropods [29].
Both viruses and transposons are likely to derive selective
advantages by evolving transcription factors that regulate



Table 2

http://genomebiology.com/2002/3/3/research/0012.7

Domains identified in this study

Domain name

Domain definition

Carboxy-terminal domain of ORFI | product of Pseudomonas aeruginosa bacteriophage D3

Bro-N Amino-terminal domain of baculovirus BRO proteins

KilA-N Amino-terminal domain of phage Pl KilA

Bro-C Carboxy-terminal domain of BmNV BroA and BroD

KilA-C Carboxy-terminal domain of phage Pl KilA

T50RFI172 Domain present in ORF172 product of bacteriophage T5

P22AR-N Amino-terminal domain of the phage P22 antirepressor

P22AR-C Carboxy-terminal domain of the phage P22 antirepressor
Mx8P63C Carboxy-terminal domain of the Myxococcus phage Mx8 p63
XFI1559 Carboxy-terminal domain of the XF1559 protein of Xylella fastidiosa
XF0704 Carboxy-terminal domain of the XF0704 protein of Xylella fastidiosa
D3ORFII-C

RHA Domain present in the RHA protein of bacteriophage ¢8I

MSV199

bIL2850RF6-N
bIL2850RF6-C
P4ASH

$310ORF238-N

Domain present in MSV199 of Melanoplus sanguinipes entomopoxvirus
Amino-terminal domain of bacteriophage blL2850 ORFé6
Carboxy-terminal domain of bacteriophage bIL2850 ORF6

Domain present in the ASH protein of bacteriophage P4
Amino-terminal domain of bacteriophage ¢31.] ORF238

ORF8la Domain present in ORF81a of the temperate phage ¢SLT of Staphylococcus aureus

their genes in response to the host cell cycle. Hence, from the
above observations, it is not unlikely that the host cells
co-opt the transcription factors of their genomic parasites
for their own cell-cycle-specific gene expression.

The potential higher-order structural relationship between
the APSES and KilA-N domains with the LAGLIDADG site-
specific DNA endonucleases and tRNA endonuclease amino-
terminal domains has interesting implications for their
evolutionary affinities and origin. A structural comparison of
these proteins indicates that the nuclease active site of the
LAGLIDADG domains is contained in a specific amino-termi-
nal a-helical extension packed against the core (8,a), domain
common to all these proteins (Figure 1b) [30]. The KilA-N,
APSES and TEN-terminal domains lack the equivalent
residues of the specific active-site extension of the LAGLI-
DADG nucleases, suggesting that the former domains do not
possess nuclease activity. Thus, it appears plausible that these
domains evolved from an ancestral nucleic-acid-binding
module that, on one hand, gave rise to the nucleases through
the acquisition of an amino-terminal helical extension that
provided the active site, and on the other hand, diversified
into distinct nucleic-acid-binding domains. Like the KilA-N
domains that are mainly associated with DNA viruses, the
LAGLIDADG endonucleases are predominantly encoded by
mobile genetic elements [31]. Just as the APSES domain
appears to be a derivative of a KilA-N domain captured by the
cellular genome, the TEN domains appear to have been
derived through the ancient cellular capture of an inactive
LAGLIDADG-like domain [32]. The common ancestor of this

fold might have emerged in a mobile genomic symbiont or
parasite and subsequently spread widely across viral and
transposon genomes.

Conserved domains in the Bro proteins

The baculovirus Bro proteins are encoded by a multigene
family and represent another class of virus-specific DNA-
binding regulators whose evolutionary affinities are not yet
understood. The typical Bro proteins that have been experi-
mentally investigated are BroA, BroC and BroD from Bombyx
mort nuclear polyhedrosis virus (BmNV) [11]. In addition to
baculoviruses, we observed that the NCLDV class members,
such as poxviruses and iridoviruses, also encoded homologs
of the Bro proteins. Proteins such as FPV124 from fowlpox
virus and three distinct proteins encoded by the ento-
mopoxvirus AMV showed similarity only to the carboxy-
terminal part of the baculovirus Bro proteins, whereas, on
their amino terminus, they contain a KilA-N domain
(Figure 2). In contrast, another group of entomopoxvirus
proteins, such as MSV226 from MSV and AMV262 from
AMV, showed similarity only to the amino-terminal part of
the baculovirus Bro proteins. Yet another set of viral proteins,
such as MSV194 from MSV, ORF117 from the phaeovirus
ESV, and baculovirus proteins, such as BroE of BmNYV,
combine the region homologous to the amino-terminal
segment of the typical Bro proteins with another distinct
domain that occurs in a stand-alone form in the phage T5
ORF172 protein. This suggests that the typical Bro proteins
contain distinct amino- and carboxy-terminal domains (Bro-N
and Bro-C, respectively) that are present independently of
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each other and in distinct contexts in a variety of other viral
proteins. To uncover their entire range of diversity, we initi-
ated PSI-BLAST sequence-profile searches, seeded separately
with the sequences of the Bro-N and Bro-C domains. The Bro-
C domain was essentially restricted to the eukaryotic viruses of
the baculovirus and NCLDV classes (Table 1). In contrast, the
Bro-N domain was more widely distributed, occurring in a
stand-alone form or combined with other domains in proteins
from temperate phages that infect Gram-positive bacteria and
Muyxococcus xanthus, and proteins encoded in the genomes of
proteobacteria and Gram-positive bacteria. The P22 anti-
repressor protein, which regulates phage transcription

Studies on the BmNV BroA protein have shown that it binds
DNA with high affinity and associates with the chromatin in
the BmNV-infected cells [11]. Additionally, it has been shown
that the DNA-binding determinants of the BroA protein map
to the amino-terminal 80 amino acids that correspond to the
Bro-N domain defined above [10]. Thus, the Bro-N domain
appears to define a distinct superfamily of widespread viral
DNA-binding domains. Multiple alignment-based sec-
ondary-structure prediction of the Bro-N domain reveals a
core with two head-to-tail units of a B-hairpin followed by an
o-helix (Figure 3). Thus, the Bro-N domain adopts an a+p
fold; furthermore, the pattern of predicted secondary-struc-

ture elements was similar to that seen in the KilA-N domain
and its relatives (Figure 3). The multiple alignment shows

[33,34], is one of the previously characterized bacteriophage
proteins in which the Bro-N domain was observed.

JPred Sec Str. Pred. .EEEEEE....... EEEEHHHHHH HHHHHHH. ... ... .. ... ... EEEEEE.
MBV226_MBV_9631397 2 EKVPFVI KK- DNETWYNMLDI | - KI LGYKKKL- HLHASL LNKNNKKKFYQLLTKNTL. KNKYFKYTNVQKNRI FI NEVALFYI LLSSKKE- NAI | - - CKNYVFG- - NLFKLENLNL 108
AWO055_AW_9964369 38 NKSI DVI GT- - - - LNNPWFCGKDVL- NI LEYEKSSFKKI LQRLKESYKKSYREI LYKVGD- - NLSPTLNGNNSKI | YI NDSCLYTLI MNFNLN- NAI V- - FKEYVI - - - - - - - - - - - - -

AW262_AW_9964576 15 KYNI YI YVDI K- - TKLSYFI SNOI L- KI LTESTDN- | Y- - KYCEKSCI FKW NI HNNI P- - - - - - - - - oo e e SNI SDETI LI NKNCLNNI | SKLNNE- KSNH- - FRKVWLND- - | DI NI 1 KNE 113

EEEEE. . HHHHHHHHHHHH, HHHH. . ...

SCGD3. 15_Scoe_7480004 28 GARVRRLTMP- - - GGSHWFPAADVC- KELGYTTTR- KALL DHVPEEHRDSLETVTGSHSL- - - S| PAGRKWRRDLCLI DLQCLI LLVNACTKP- ACAP- - FKQW/A- - - EWETVQREG 132
ORF1_Nm 12697190 9 GQEVRTLTI - - - - DDEPWFVGKDVA- DI LGYSKAR- NAI ALHVDEEDALKQG PT- - - - SGGTQDMLI | NESCLYSLI LSSKLP- QARE- - FKRW/TS- - EVLPAI RKQG 103
ANT_LcBPA2_6599316 11 GRQVRTVW- DNEPNFVGKDI A- EVLCYSKPA- NAVNKYVPDKFKGVTKLMT- - PGGKQDFWWI AEPCL YKLVFKSDIVP- NADE- - FTCWAE- - KVLPSI RKHG 105
PA2423_Pa_11349554 110 QRLLRALLI - DDQAVFVL DDFA- RLI EHSQPE- QVLA- RLDDDQARRESL RSE- - - - RGEDQAQVLI SESCAYAALI YQURG- DCGE- - LRRW.SG- - EVWPELRSAT 204
PA1153_Pa_11349113 15 HRVLRAVLL- DEEGVWFVL SDLV- RLLGRYLGG- RAPAAL CDEAPWPL ATAEQRERL F5 L ERHL DT DOWRL AW. HDERHGPRODCLVSESCLYALLW.AAPG- AARG: - LRRW/SG- - SVLPRLRSQS 137
SPy2128_Spy_13623111 9 GYTI RFVEH- - - - QGEVWAVLADI A- KALDL- NPK- - FI KQRLGDEVVSNNHVTDS- - - - - - == == - oo o e oo o - LGRQREMLI VNEFCI YETI FSSRKK- EAKT- - FKLW/FE- - TI KQLRQSTG 102

ORF5_BPRLT_1353522

or f 8_BPbl L309_13095813
or f 9_BPphi PV_9635686
ORF38_BPBK5T_14251162
ORF291_BPLLH_1395130
SPy0980_Spy_13622137

NLPVRTVLI - - - - NDEPWFVG<DVA- | Al GYKNFR- DALKSHVKDKYKRESRI TT- - -
GENI LFSAECAA- KAMCI TQVK- NCK- EYVKVER- VNSYLPN- -
ENEPYFVGKDI A- EI LGYARTD- NAI RNHVDSELCKL THQFSA- -
NDEPVWFVGKDVA- | Al GYKNFR- DALKSHVKDKYKRESRI TT- -

- EVNGDTYVRWPRI NSYLGF
NNQ YFNLNDCC- QF LELSNPR- KT1 E- RLNKDG- VTTSDI | D- - - -

- - PSGVQSVTVI SEPCLYCLAGESKLP- SAEP- - FQCW/YE- - EVLPTI RSTE 105 \ 1
SPEVGKGSFI SEPMWYKLAFKANNA- VSEK- - FTEWLAV- - EVLPTI RKHG 103
SGONRNM | | NESCLYSLI FDASKQBTARK- - FKRW/TS- - DVLPAI RKHG 113
- - PSGVQSVTVI SEPCLYCLAGESKLP- SAEP- - FQCW/YE- - EVLPTI RKHG 105
- ATSGKKI KKGDW TEPCFYKLAFKASND- VAEK- - FQCW/AS- - EVLPSI RKHG 109
- SLGRTQQANFI NESNFYKLVFQSRKP- EAEK- - FACW/TS- - EVLPSI RKHG 105

SAV0855_Sa_14246624 - DGEPYFI GKDVA- DI LGYANGR- DAL SKHVDEDCKKVLTSRNTTLE- NLPNRGLTAVNESCLYSLI FSSKLE- SAKR- - FKRW/TS- - DVLPAI RKYG 109 /
p63_BPMW8_15320633 18 GSTRI RVWVDE- - AGEPWFVAQDI A- HALEYRVAS- D- LTRLLKPHHLRTHAVRT- - NRGERSATI | SEPAMYRAVFL SKSK- KAEP- - FEW/TS- - DVLRSI RKTG 113 > 2
Z1818_Ec_12514734 18 DSEl RVI NK- - - - CGEPWFVAKDVC- DALALTNSR- KALTALDDDEKGVTLSYT- - - LGGEQ\LSI VSESCMYTLVLRCRDA5VPHK- - FRKW/TA- - EVLPSI RKHG 116 > 3
gp30_BPN15_9630500 12 SHPI RVVLV- GGDPWFVALDI C- AALNI ANPS- DALR- KLDHDEKLTLGLTE- - - - - AQKLDRVAREVNWSESCLYTI | LRCRDASTAWR- - FRKW/TN- - EVLPAI RKNG 114

P43_BPAPSE1_9633590 8 NTVLETI SH NGQ WFTSSVLA- KALQYSSSK- SV- - TEL YHKNSDEFADHM -
XF2506_Xf _11362060 DGNPVFVATDVC- TALGYRNPS- KAVADHL DDDEKSNQSL - -
N. XF2524_Xf _11362500 - - AGTPWFNANCI C- TAVELLNPC- AALAQHVGARNVSKRKI | DT-
M XF2524_Xf 11362500 171 SHAVRTWWDD- - - HGEVWFVG<DVA- DVLGYTNHN- KALGDHCRGVTKCYPI LDS- - -
C. XF2524_11362500 288 SKDVRI QLDE- - - ASAPWFNANDVC- AVLEFG\PH- QAl ESHVDADCL QKLEVI DA- -
N. XFO684_Xf _11362477 13 SHAVRTWWDD- - - HGEVWIFVGKEVA- DVLCGYTNHN- KALGDHCKGVPKRYPLQT-

- SKWDSTTLGKSRNKTRI FSLRCGAHLI Al FSRTP- VAKE- - FRKW/LD- - | LDKQTVNQT 109
- - GLAGKPVI | | SESCLYALVLRSRKP- EARK- - FSKW/TS- - EVLPSI RKTC 292 \ 4
| GRTQRANYLNEPCMLTLLI GSTKE- AAKR- - LRRWLI S- - EALPAAAVCK 135
- - LGRSRETRI | SEPDMLRLI VSSKLP- AAER- - FERW/FE- - ELLPTLRKTG 266
- - LGRTQRANHI NESCLYALI MGSTKP- AAKR- - FKRW/TS- - EVLPTLRKTG 384
PGG QEI RI | SEPDMLRLI VSSKLP- AAER- - FERW/TS- - EVLPTI HKTG 111

XF1663_Xf _11362484 139 SQAVRTWDD- - - HGEVWIFVGKEVA- DVLGYANHN- DALGAHCKGVAKRYPLPDS- - - - LGRLQYFRI | SEPDVFRLI AGSKLP- AAER- - FERW/FE- - GVLPTI HKTG 235
XF1645_Xf 11362483 118 DVSLTI I DH- - - - DG PYLTAADLA- RALGYKDAS- AVLRI YSRHTCEFTSEMSLTVNL- TVKGFGCGNSEKPVRLFSPRCCHLVAMFARTS- VAAA- - FRRW/LDVLEVLPSI RKTG 225
XFO704_Xf _11362478 12 GKSLSI | DR- - - - DGVPHLTAADCLA- RALCYKDTS- AVLRI YSRHTCEFTYQVBLVVNL- - - TVKGFGSGNSEKPVRLFSPRCCHLVAMFARTS- VAAA- - FRRWLDVLEVLPSI RKTG 119 /
MBV194_MBV_9631452 10 NKKI HI Al Y- - - - ENKPYFKGKDI A- EI LEYKDTN- DAl KKHVDDDCKSKYEDLI - - - NRPG LPSLTYNEKNTI Yl SESCLYSLI LSSKKS- EAKI - - FKKW TN- - EVLPNI RKHG 113 \ 5

BROE_Bni\V_9630956 14 DTFTLRYVLGG - EQPVRFVARDI A- NKLKFKNTK- KAl RDHVDGKYKCTFEQAC! - NI SKEKHVKQGNPLYLQTQTI LLDKI GVI CLEMRSKMT - NAAE- - LONFYE- - HVLPCCTARQ 124
orf117_ESV_13242588 12 TRHKWVI LRDE- - NDDPLFKASDI G- KI LS| KNI H- TSM D- LHDDCKAI RTAST- - - - - === == - - o m oo e e o PGGEQKTVFVTEKCVYKLI MRSRKP- VAKP- - FQCW/F- - - EVLKTI RKRG 106
BROM LdNV_9631117 11 GPLEVFTVQDD- - EGENVWAANPFA- ETLKYNNCN- KAl RI HVSANNCKTLEELNI D- - - KSQVLPRNVQAKTKFI NMNCGVI ELLLASCMY QAKE- - FRYWMIN- - VKFAETSADP 115
BROK_LdNV_9631082 14 DAFTLRYVLAA- - EQPVKFVAKDI A- RSLKYEKPA- NAI AKHVDDKYKSAFEQL CF- - DDLRVKQGDPLYLHKSTI LI DKI GVI CLEMRSKLH- NAAE- - LONWFYE- - RVLPCCTARQ 121
BRO _Bni\V_13751084 14 DTFTLRYVLDA- - EQQVKFVAKDI A- SSLKYVNCK- QAVI VNVDNKYKTTYEQACI NI S- KENRVKQGDPLYLQSQTI LLDKI GVI CLEMRSKMT- NAAE- - LONWFYE- - HVLPCCTARQ 124
Brob_Bni\V_9630900 14 DEFTLRYVLGD- - EQPVKFVAKDI A- RSLKYVNYE- KAVRVHVDVKYKTTYEQACI NI S- KENRVKHGDPLYLSPQTI LLDKI GVI CLEMRSKMH- NAAE- - LONWFYE- - HVLPCCTASA 124
BROG_LdNV_9631042 14 GVKFECWGVWTP- DGKVACKL KEFM DFLGYKEVN- SAYK- M PKEVKVYWHKLQD- - - - - - - - DLCVDSSVDLHPRNVFVYEPCMYAFMIRSGSP- LAKW - CMGFLYD- - VWWPTLKKNQ 118
BRO_HaNV_12597544 10 DKEVETYTVDF- - NGEKWMVANPFA- EALNYSRAN- KAI LEKVSDGNQKTFDQ KPYRI VH- - - - DGTGESSVI PRNVKPNTKFI NRAGVFELI MBSQVE- YARQ- - FRYWLSS- - VKLNTTVETD 122
201R_ClV_15078913 22 EHQ KLAG - | EDPYFCGKDVC- Tl LGYKDKE- QALRKRVKSKHKKSL SELFEKKLPWTTGN- - - - FFLGTQNEL SYHEGKSI YI NEPCLYNLI MSSEAP- FAEQ- - FQCMVYE- - KI LPSI RKYG 136

289L_Cl V_15079001 22 EHQ KLAGT- VDTPYFCGKDVC- KVLGYKDI K- DALKKHVDRECKL PL SEI KKVGGTAPPT- - FLGQTYAYL SHNDGRAVY! SEGCLYSLI MBSEAP- FAKD- - FRRLVCN- - VI LPSI RKFG 134
MSV023_MBV_9631535 4 1 SKINIITY- NNCSYYKAKDI A- DI LNYKSVD- YFI KKYVKNEHKI NYE- - - - - - - - - oo om e oo STI YVNNSCLYYI MFKSKKH- EAEK- - FONW KE- - ENLPEI ENNK 90 /
AW175_AW_9964489 38 DVKI KVI GT- | NNPWFCGKNI L- KALEYSDDSHNKI LNRL DDKFKDNMYNI LSS- VRDNL SMIKNNKNKAI YLNEPCI YYI | LHCTKD- SAKG- - FQCFI LF- - DLLPTI RKRT 143 \ 6
AWO057_AW_9964371 38 NI SI NI GS---- LDNPWFKGKDI LI DCLEYTDQSAKCVLKRLNTSFKKSYNDI | SV- - - - - EGNLPPT- KNNDNKAI YVNEACLYYI | LHCTKD- SAKG- - FQNYI LF- - DLLPSI RKRA 143

orf 6_HaEPV_3510491 8 NI NI DVLGD- - - - | NYPWENGKNI LI DCLQYTEQSAKCVLKRLESKFKNKLSDI | CVGGNLPPTGN- - - - - LDKI SNI TRHNDGKAI YI NEACLYYI | | HCTKE- SAKP- - FQCYI LF- - DLLPSI RKLA 123
AW177_AW_9964491 38 DTDI KI NGT- - - - | DQPWFCLKDI | | YCFCYTKESYKSI LKELNNSYKKSLYDI | VE- - - GGKTPPTKNNENKAI YVNESCLYYI VFQCTKD- SAKD- - FQKYI LD- - ELLPSI RKLA 143
BROA_LdNV_9630998 10 NGPLEVFTVQDD- KENWWAANPFA- ETLKYLNVN- RAI RVHVSKHNQKTLDELQSD- - - - - RNGLI TSSLHPQTKFI NRAGVFELI SASEMP- AAKR- - FKCWNAN- - DLLPSLCREG 115
BROL_LdNV_9631113 10 NGPLEVFTVQDE- NQEKWVANPFA- EALCYTRLN- YAVTQHVSVVNQKT YEEFKSQGST- - - ATDDSSLLPRNI QAKTKFI NQACGVFELI GASEMP- AAKR- - FKTWNTN- - DLLPTLCAEG 121
BroO_LdNV_9631121 10 NGPLEVFTVQDE- NQEKWMVANPFA- ESLKYAI PH- | Al SKFVSTVNQKTYEELRSMRI T- - - SRI TSTDDSSLLPRNVQAKTKFI NRACVFELI SASEMP- AAKR- - FKTWNTN- - DLLPTLCAEG 125

N. BRO_HaNV_12597545 10 DKEVETYTVDF- - NGEKWWANPFA- EALSYSNVN- RAI RVHVSEKNQONYEEFKSDR- - VGLTDSVTSLPRNI QAKTKFI NRACGVFELI NASDIVP- GAKR- - FQAWNNN- - DLLPSLCQEG 120
BRO- d_BniNV_9630955 13 QDTFTLRYVLEQGNPQVKFVAKDI A- SSLKYGNCK- DAVSRHVDKKYKYTYSESGARL - PPSAPNSVAKQGDPL YLQPHTVLI TKSGVI CLI MKSKLP- YAI E- - LOEWLLE- - EVI PQVLCTG 128
Bro-111_Bm\V_13751089 14 DTFTLRYVLEQG NQQVKFVAKDI A- | SLKYASYE- KAVRVHVDGKYKSTFEHAGQ - - - - GHHAPNSVAKQGDPL YLHPRTVLI TKSCVI CLI MKSKLP- YAI E- - LQEWLLE- - EVI PQVLCTG 127
ORF153_LdNV_9631120 14 DTFTLRYVLEK- - DQQVKFVARDVA- VSLRYERPA- DAVSKHVDI KYKSTYAELGRQ AD- - PTLNVKLI VKKGDPLYLQPHTVLI TKSCGVI CLI MKSKLP- YAVE- - LQEWLLE- - EVI PQVLCTG 129
BRO c¢__Bni\W_9630901 14 DTFTLRYVLGD- - EQPVRFVAKDI A- SSLKYVNCE- RAI RVHVDGKYKSTFEHADQ - - QHHAPDSVAKQGDPL YLHPHTVLI TKSGVI CLI MKSKLP- YAI E- - LOEWLLE- - EVI PQVLCTG 126
BRO a_Bnmi\V_9630839 14 DTFTLRYVLEQG NLQVKFVAKDI A- SSLKYVNCK- QAVI VNVDKKYKTTYSESGSI P- - YTPAPDNVVKQGDPL YLQPHTVLI TKEGVI CLI MKSKLP- YAVE- - LQAWLLE- - EVI PQVLCTG 128
bro-a_SpLNV_7672865 14 DTFSLRYVLER- - DQPLKFVAKDVA- ASLKYQDAK- RAI KI' HVDDKYRSTFEHGGQ - - APLVSNALAKQGDPL YLHPHTVLI TKEGVI CLI MKSKLP- YAVE- - LOAWLLE- - EVI PQVLCTG 126
BROB_LdNV_9630999 14 EEFTLRYVLER- - DQSI KFVAKDVA- ASLKYVDCK- QAVRI NVDDKYKFTFEQGCVP- - HTLASDSVAKQGDPL YLHPHTVLI TKEGVI CLI MKSKLP- YAVE- - LQAWLLE- - EVI PQVLCTG 126
BROP_LdNV_9631128 37 DVFRLRYVL- - - - NDPVKFVAKDVA- GSLKYQDAK- RAI RI HVDDKYKSTFEHGEI R- - SHLASNALAKQGDPL YLHPHTVLI TKECGVI CLI MKSKLP- YAVE- - LQAWLLE- - EVI PQVLCTG 147
ORF114_XnGV_9635364 58 EPVEVVFSDKTGPDGLVYYF- FEVT- PFARLM\WD- NPL- SKI DSQHVI VWEEPVTA- - - ADTNNVAVRNNTRSTTLVSEACL YCLMFTGKPV- TVRQGWRAWLFD- - | VLPTVKQFT 166
BRQJ_LdNV_9631081 14 DTFTLRYVLGG - EQQVKFVAKDI A- SNLKHANCA- EAVRKHVDGKYKSTFEHGEI R- - - SHLASNAL AKQGDPLYLHPHTVLVTKECGVI CLI MKSKLP- YAVE- - LQAWLLE- - EVI PQULCTG 126 /
ORF159_XnGV_9635409 52 NEELNVI TQVDE- FGEPVWWMVANPFA- TVLCYYKPN- DAVRKHVSEWNVKSYEDFRSRRI G- ADDSSHW/DEI T- SSLHPKTKFI NRACLFELI QSSRVP- KAQE- - FKNVWNS- - DLLPKLCQEG 166 > 7
MBV196_MSV_9631450 1 MNI YVAI F- - - - - NNKSYFRAKDCA- SI LEFKHTK- DAl RHYVSNGNKI KFKNI NI RS- - - - - KKYI HPHTVFI NNFCLI ELI LKHKSI - VHHNI - | DKLI CKF- DLNVDLNI TP 100 \ 8
MSV024_MBV_9631534 4 MG HVI NY- - - - NDNLYFKAI DI A- KLLKHKNI Y- RAI KYKI SDCNKTLYKNI SNTN- - - - - - LSYKKNKMVYI NKLCLI ELI KESTTI - VSPMW/- | NCLI NKFNLNLDLPI KFI 105 |
MSV026_MBV_9631533 4 1 SNI KTl NV- - - - NNCLYFKGEDCA- KI LKYKNTY- GAI RNNVSKNNKI KFEKNNDI YI NKLCLSELI | KHKSI - VSTNT- | NTLI HNFNLNLDLFEKKK 95 |
MBV204_MSV_9631444 8 NNQ HLLYTT- - - | GEVYYKGKDI A- KI LRY! DTK- KVI RNNVLSTNKVNYSTLI KNV- - Sl NGQLHKTPHHTI FI NTKCLKNLFDVP- - - - - VKR- - LSN- - KEI NOLI EFLNSHN 108 |
069L_Cl V_15078782 29 VTLDTPI MGT- - - WDKPVFFGKEI A- EFLGFKKPK- DALQKHVKPKYKTTLSKVLEKK- - - - LDTEPVSYNEGKRVLLYKEGWELI KKTRLV- Gl EN- - KI CALI E- - AFELNLNVVH 133 /
ORF2_CnBV_13160526 151 KSWLRLYI HPI - TNEPWVAADLA- RCLCYEKYR- QTHT- Rl LAAFKRKL SDLVHTEPFSGT- VESEVARL EGAPVEL SSRERDI VWWNEGCI HCMLI GSRLP- NVQK- - YKELVFG- - KI LPAARARG 270 \ 9
PxORF82_PxGV_11068085 247 LFDKLHYI VI - - - DGWMWFKLNCI C- KYFCI PK- - - - - - - - CCPDYNI | TWYTLSKRL- - - - --------nmnnnn KSNI TWKLNTI M SDMCEVYKLLI | KNEI - | AEE- - FYH- - - - - - KRLHELRSTG 337 |

ORF99 Q)G\/ 14602336 160 LPSNI EFFSV- - - NERTYFKGLDVA- RHLKCSPS- - YTI NKYVADTCMWLWEDL RRYV- -
SPy2127_Spy_13623110 90 1 QEPLFLARAVA EM DYTKTS- QCYY- - D\/QANLRKVDEDEKLK
consensus/85%  ...... [ PR .pshh...h.h.p....sh.

- HDKYVWINCKNHWKDINTI FLKETCGVKCLCI ATQGD2L YQE- - NVMDGVYNYDSGDEQUWYAK 271 /
G\/ALEGTTKNFRSGQAVV\FLTEHCLYEVLNRSNKP KAKE- - FRKAVK- - - NI LKEI RLNG 195 > 10
p. . hhsc. Ghh. hh. .hb.hh.. ... hl..h.

Figure 3

Multiple alignment of Bro-N domains. The color scheme is as in Figure |. The coloring reflects the conservation profile of amino acid residues at 85%
consensus. Further groupings described reflect domain architectures as follows: |, fused to KilA-C; 2, fused to Mx8P63C; 3, fused to P22AR-C; 4, Xylella
fastidiosa specific Bro-N duplications and fusions; 5, fused to TSORF172; 6, fused to Bro-C; 7, duplicated Bro-N fused to Bro-C; 8, fused to a VSR
nuclease; 9, duplicated Bro-N; 10, fused to a HTH. Species abbreviations are listed in Materials and methods.




that the Bro-N domains contain two highly conserved aro-
matic or hydrophobic residues at the end of the second and
fourth conserved strands, a pattern that is reminiscent of
similarly conserved residues in the KilA-N and APSES
domains (Figure 3). However, sequence profile searches do
not detect any significant similarity between the Bro-N and
KilA-N domains. The sequence-structure threading with the
3D-PSSM method recovered the APSES domain structure
(PDB 1bm8/1bm1) as the best hit for the Bro-N domain,
albeit with statistically insignificant E-values. Thus, given
that the Bro-N domain is a DNA-binding domain, it appears
plausible that it adopts a fold similar to that of the KilA-N
domain, although sequence analysis and threading methods
failed to provide strong support for this.

Extensive lineage-specific expansion and domain
shuffling in DNA-binding regulators containing the
KilA-N and Bro domains

There are several analogies between the KilA-N and Bro-N
domains in terms of phyletic patterns, intragenomic distrib-
ution and domain architectures. Both these domains are
widely prevalent in bacteriophages, bacteria and large
eukaryotic viruses of the NCLDV and baculovirus classes.
Both of them show expansions in particular viral genomes,
for example KilA-N in FPV and Bro-N in certain bac-
uloviruses, and the entomopoxvirus MSV. Phylogenetic tree
construction for the KilA-N and Bro-N domains using the
least-squares and maximum-likelihood methods showed
that multiple versions of these domains from a given genome
typically grouped together, to the exclusion of members
from other genomes (data not shown). Thus, KilA-N and
Bro-N domains probably have undergone lineage-specific
expansions through amplification of a single ancestral gene.
The genes encoding multiple copies of these domains do not
necessarily occur in close proximity in the corresponding
genomes, indicating that duplications were accompanied by
extensive genome rearrangement resulting in dispersion of
the paralogous genes.

The KilA-N and the Bro-N domains show additional parallels
in the domain architectures of the corresponding proteins.
Both domains almost always are located at the amino termini
of these proteins and most often are fused to another distinct
domain at the carboxyl terminus (Figure 2). On many occa-
sions, the Bro-N and KilA-N domains are fused to the same
carboxy-terminal domains (Table 1, Figure 2), such as the
Bro-C, T50RF172, KilA-C, and Mx8P63-C domains. Addi-
tionally, Bro-N domains show specific combinations with
certain domains, such as HTH and the Vsr-superfamily
endonuclease. These architectures suggest that both the
KilA-N and Bro-N modules are, to a large extent, functionally
equivalent and probably act as the principal DNA-binding
moiety that recruits a specific activity purveyed by their
carboxy-terminal domains to the target DNA sequences.
These carboxy-terminal modules may be enzymes, such as
the nuclease domains, or might mediate additional, specific

http://genomebiology.com/2002/3/3/research/0012.9

interactions with nucleic acids or proteins. Thus, the princi-
pal function of these proteins appears to be transcriptional
regulation of viral or host genes. Consistent with this hypoth-
esis, these proteins include antirepressors from phages such
as BPP22, BPVT2 and BP933W.

The majority of the domains with which the KilA-N and Bro-
N domains combine in multidomain proteins are restricted
to proteins encoded by temperate bacteriophages and large
eukaryotic DNA viruses (the exceptions are a few domains
that are common in cellular proteomes, such as HTH, CCCH
and RING finger). In order to identify the entire repertoire
of domains involved in these domain-shuffling events, we
systematically explored all domains that combined with the
KilA-N and Bro-N domains and compiled a list of domains
with which the latter combined in other multidomain pro-
teins (Table 2, Figure 2a). This information is represented as
a directed graph in Figure 2b, in which each vertex corre-
sponds to a particular domain and the edges connect
domains that combine to form multidomain proteins. The
entire network consists of 24 domains, of which Bro-N and
KilA-N domains show by far the greatest number of connec-
tions (12 and 7, respectively) compared to other domains.
The RHA, ¢$310RF238-N and MSV199 domains, while less
versatile in their connections, tend to combine with the same
domains, and in the same orientation, as Bro-N and KilA-N
(Figure 2b), which suggests an analogous function, such as
DNA binding.

Conclusions

We show here that KilA-N and Bro-N domains are two DNA-
binding domains that are widespread in large DNA viruses
infecting bacteria and eukaryotes. At least the former, and
perhaps even the latter, appear to belong to a large class of
nucleic-acid-binding domains that includes the APSES,
LAGLIDADG endonuclease and TEN domains. The fungus-
specific transcription factors containing the APSES domain
appear to have evolved through capture of a viral KilA-N-like
precursor early in fungal evolution. KilA-N and Bro-N
domains combine with overlapping sets of carboxy-terminal
domains, which, in turn, combine with several additional
domains, resulting in an extensive network of 18 domains
that are predominantly specific to large DNA viruses and six
domains acquired by these viruses from the host genomes
(18 + 6 = 24). These observations establish a major role for
shuffling within a limited set of domains during evolution of
viral DNA-binding regulatory proteins.

Materials and methods

The non-redundant (NR) database of protein sequences was
searched using the BLASTP program [35]. Profile searches
were conducted using the PSI-BLAST program with either a
single sequence or an alignment used as the query, with a
profile-inclusion expectation (E) value threshold of 0.01, and
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were iterated until convergence [35,36]. If whole-length pro-
teins were used, the searches were carried out using the
composition-based statistics [37] in order to prevent the
detection of spurious matches that could arise from low-
complexity segments in the query or target proteins. In
searches carried out with just the globular domain of a par-
ticular protein, the composition-based statistics was not
used because this helps in improving the sensitivity of
searches without a major risk of corruption of the profile
with false positives [37]. Additional searches with hidden
Markov models were performed using the HMMER package
[38,39]. Previously known conserved protein domains were
detected using the corresponding position-specific scoring
matrices (PSSMs) constructed using PSI-BLAST [40].

Multiple alignments of protein sequences were constructed
using the T-Coffee program [41], followed by manual correc-
tion based on the PSI-BLAST results. Protein secondary
structure was predicted using a multiple alignment as the
input for the JPRED program [19]. Sequence-structure
threading was performed using the hybrid fold-prediction
method, which combines multiple-alignment information
with secondary-structure prediction [42], and the 3D-PSSM
method [43]. Phylogenetic trees were constructed using
neighbor-joining, least-squares and maximum-likelihood
methods [44,45]. Species abbreviations used in this paper
are as follows: AcNV, Autographa californica nucleopolyhe-
drosis virus; AgNV, Anticarsia gemmatalis nucleopolyhe-
drosis virus; AMV, Amsacta moorei entomopoxvirus;
BPBK5T, Lactococcus phage BK5-T; BmNV, Bombyx mori
nuclear polyhedrosis virus; BP933W, bacteriophage 933W;
BPA118, bacteriophage A118; BPAPSE1, bacteriophage
APSE1; BPbIL285, bacteriophage bIL285; BPbIL286, bacte-
riophage bIL286; BPbIL309, bacteriophage bIL309; BPD3,
bacteriophage D3; BP¢80, bacteriophage $80; BPHK620,
bacteriophage HK620; BPHK97, bacteriophage HK97;
BPLLH, bacteriophage LLH; BPMx8, bacteriophage Mx8;
BPN15, bacteriophage N15; BPP1, bacteriophage P1; BPP22,
bacteriophage P22; BPP4, bacteriophage P4; BPP27, bacte-
riophage P27; BP$PV, bacteriophage ¢PV; BPR1T, bacterio-
phage RiT; BPSppC2bacteriophage SppC2; BPT5,
bacteriophage Ts; BPVT2-Sa, bacteriophage VT2; Cab,
Clostridium acetobutylicum; Cal, Candida albicans; CIV,
Chilo iridescent virus; CnBV, Culex nigripalpus baculovirus;
CpGV, Cydia pomonella granulovirus; DpAV4, Diadromus
pulchellus ascovirus; Ec, Escherichia coli; EpNV, Epiphyas
postvittana nucleopolyhedrovirus; EV, ectromelia virus;
Eni, Emericella nidulans; ESV, Ectocarpus siliculosus virus;
FPV, fowlpox virus; HaEPV, Heliothis armigera ento-
mopoxvirus; HaNV, Heliocoverpa armigera nucleopolyhe-
drovirus G4; HK9y, bacteriophage HK97; HzNV,
Helicoverpa zea single nucleocapsid nucleopolyhedrovirus;
Kla, Kluyveromyces lactis; LcBPA2, Lactobacillus casei bac-
teriophage A2; LANV, Lymantria dispar nucleopolyhe-
drovirus; LsNV, Leucania separata nuclear polyhedrosis
virus; MbNV, Mamestra brassicae nucleopolyhedrovirus;

MSV, Melanoplus sanguinipes entomopoxvirus; Nc, Neu-
rospora crassa; Nm, Neisseria meningitidis; OpNV, Orgyia
pseudotsugata single capsid nuclear polyhedrosis virus; Pa,
Pseudomonas aeruginosa; PxGV, Plutella xylostella gran-
ulovirus; Sa, Staphylococcus aureus; Sc, Saccharomyces

cerevisiae;  Scoe, Streptomyces coelicolor;  SeNV,
Spodoptera exigua nucleopolyhedrovirus; Sf, Shigella
flexneri; Sp, Schizosaccharomyces pombe; SpLNV,

Spodoptera litura nucleopolyhedrovirus; Spy, Streptococcus
pyogenes; VAR, variola virus; Xf, Xylella fastidiosa; XnGV,
Xestia c-nigrum granulovirus; Yaly, Yarrowia lipolytica.

Additional data files
Alignments of all viral specific domains identified in this
work are available with this article online and at [46].
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