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ABSTRACT

The control of DNA topology by DNA topoisomerases
is essential for virtually all DNA transactions in the
cell. These enzymes, present in every organism, exist
as several non-homologous families. We previously
identified a small group of atypical type IIB topoiso-
merases, called Topo VIIl, mainly encoded by plas-
mids. Here, taking advantage of the rapid expansion
of sequence databases, we identified new putative
Topo VIIl homologs. Our analyses confirm the exclu-
sivity of the corresponding genes to mobile genetic
elements (MGE) and extend their distribution to nine
different bacterial phyla and one archaeal superphy-
lum. Notably, we discovered another subfamily of
topoisomerases, dubbed ‘Mini-A’, including distant
homologs of type IIB topoisomerases and encoded
by extrachromosomal and integrated bacterial and
archaeal viruses. Interestingly, a short, functionally
uncharacterized motif at the C-terminal extremity of
type IIB topoisomerases appears sufficient to dis-
criminate between Mini-A, Topo VI and Topo VIII sub-
families. This motif could be a key element for un-
derstanding the differences between the three sub-
families. Collectively, this work leads to an updated
model for the origin and evolution of the type IIB
topoisomerase family and raises questions regard-
ing the role of topoisomerases during replication of
MGE in bacteria and archaea.

INTRODUCTION

In bacteria and archaea, adaptation and genetic diversi-
fication take advantage of the acquisition of exogenous
DNA via horizontal gene transfer (HGT) (1). Interest-
ingly, the diversity of genes found in a specific bacterial
species, e.g. the pan-genome, was shown to exceed by far
the amount of genes found in a single bacteria (2,3). Con-
sidering that HGT can include DNA transfer across species,
the term super-genome was used to describe the whole set
of genes that a prokaryotic ‘individual’ can exploit in its
environment (4,5). Importantly, the adaptation of prokary-
otic organism is associated with antibiotic resistance and
pathogenicity acquisition with major health implications
(6,7). Understanding HGTs has also large implications in
evolution, since cells and viruses are likely to have co-
evolved with extensive HGT since the dawn of evolution
(8,9).

Diverse mobile genetic elements (MGE) are involved in
HGT, using several mechanisms. Conjugative plasmids are
known to play a major role in HGT, as conjugation can
cross species barrier, and can even spread between different
domains of life (10,11). Conjugative plasmids show large
diversity, in their size, and in the composition of genes en-
coded (12). In particular, these mobile elements possess dis-
tinct mechanisms regarding their replication and their mo-
bility (12,13). In 2014, an atypical topoisomerase, the topoi-
somerase VIII (Topo VIII), was found encoded by a couple
of free and integrated plasmids, including conjugative ones,
raising questions about the function(s) of this protein in the
replication or in the mobility of the MGE (14).

DNA topoisomerases are essential enzymes that can
modify the number of topological links between the two
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strands of a DNA molecule. They introduce either single or
double-strand breaks in the DNA, and move a DNA strand
or a duplex through the breaks before closing them (15-17).
DNA topoisomerases are classified into two major types
(I and II), depending on the nature of the transient DNA
break (single- or double-stranded) and have been grouped
into five families (Topo IA, IB, IC, ITA and IIB), according
to structural or sequence similarities. Some of these fam-
ilies have been further divided into subfamilies of homol-
ogous proteins and named either based on specific mech-
anistic features, e.g. gyrase (a subfamily of Topo IIA) or
based on the timing of their discovery (Topo I, II, IIL, IV, V,
VI, VIII). Notably, type I and type I DNA topoisomerases
have uneven and even number in this historical nomencla-
ture, respectively.

The type 1IB topoisomerase family demonstrates com-
plex distribution with diverse biochemical activity and cel-
lular functions. The most understood member of this fam-
ily is the topoisomerase VI (Topo VI), present in nearly
all species of the Archaea domain, in which it functions as
the canonical Type II topoisomerase, for transcription and
replication (18). This enzyme is also found in several eu-
karyotes, including Viridiplantae (a eukaryotic division in-
cluding plants, green and red algae) and in a small number
of bacteria and protists (19). Topo VI is composed of two
subunits termed Top6A and Top6B. Top6A contains the el-
ements involved in DNA cleavage. This reaction requires a
divalent metal ion, coordinated by the Toprim domain, and
the nucleophilic attack of the catalytic tyrosine, within the
5Y-CAP domain, which covalently binds the 5’-end of DNA
after cleavage (20). Top6B is involved in the binding and hy-
drolysis of adenosine triphosphate (ATP), which lead to the
opening/closing of the topoisomerase gates, and enable the
strand passage through the DNA double-strand break (21—
23). This mechanism requires the conserved ATP-binding
module called the Bergerat fold which is the hallmark of the
GHKL protein family (24). The transducer domain, which
bridges the ATPase and the Top6A (Figure 1) contains a
highly conserved lysine, the switch-lysine, which side chain
can interact with the y-phosphate of a bound ATP. The hy-
drolysis of ATP and release of the inorganic phosphate (Pi)
induces a rotation of the transducer. Current models sug-
gest that this rotation promote the opening of a G-gate lead-
ing to the DNA strand passage (21,25).

In nearly all eukaryotes, another type IIB enzyme, the
Topo VlI-like, is present (26-28). This enzyme is composed
of two subunits Top6BL and Spoll. Spoll is largely sim-
ilar to Top6A, while Top6BL and Top6B display little se-
quence similarity, but similar predicted structures (18,26
27,29). Topo VlI-like is important during meiosis, as it was
shown to generate DNA double-strand breaks, essential for
the correct chromosomal segregation, and to shape the ge-
netic diversity through homologous recombination (18,29).
Biochemical characterization of Topo VI-like has been dif-
ficult so far due to the poor solubility of the enzymes (30).

The other type IIB topoisomerase subfamily, Topo VIII,
appears to be exclusively encoded by free or integrated
MGE, mostly present in Bacteria. The only exception was
encoded by the plasmid 5 from the archacon Halalkalicoc-
cus jeotgali B3 (14). Topo VIII proteins contain the differ-
ent domains found in the other type IIB topoisomerases,

with one major difference. Unlike Topo VI and Topo VI-
like, which comprise two subunits, most Topo VIII such as
Paenibacillus polymyxa, are composed of a single polypep-
tide, in which the N-terminal and C-terminal moieties are
homologous to the B and A subunits of Topo VI, respec-
tively (Figure 1) (14). Biochemical assays using purified
Topo VIII revealed that some of the enzymes retain the
topoisomerase activity, while another tested Topo VIII was
generating double-strand breaks in vitro (14).

In this work, we have extended the number of Topo
VIII genes from 21 to 77 in Bacteria, including two
new sequences inside extrachromosomal conjugative
plasmids. We also found 3 new Topo VIII in archacal
Metagenome-Assembled  Genomes (MAGs). These
genomes correspond to members of the Euryarchaeota
superphylum, namely Candidatus Syntrophoarchaeum cal-
darius (Methanosarcinales), Candidatus division MSBLI1
archaeon (Persephonarchaea) and Archaeglobales archaeon
(Archaeoglobales) (31-33). Analysis of the genomic con-
text of these new Topo VIII resulted in the identification
of new MGEs, including free and integrated plasmids.
Unexpectedly, we also identified a new family of proteins
homologous to the A subunits of Topo IIB, that are present
in the genome of archaeoviruses and bacterioviruses (bac-
teriophages). We called these proteins ‘Mini-A’, since they
are shorter than other A subunits. Interestingly, Mini-A
proteins are distantly related from both Topo VI and Topo
VIII, suggesting a very ancient divergence between these
three groups of enzymes and raising new question about the
emergence and evolution of type IIB DNA topoisomerases.

MATERIALS AND METHODS
Sequence database search

We used several previously known Topoisomerase VIII as
queries to carry out psi-BLAST and translated BLAST
(tblastn) searches of different databases on the NCBI
website (http://blast.ncbi.nlm.nih.gov/Blast.cgi). Only se-
quences which display the conserved elements in the Berg-
erat Fold, the transducer, the Toprim and the SY-CAP do-
mains were kept for further analysis.

Network analysis

All-against-all BLASTp analyses were performed on the
set of Topo VIII proteins. The all-against-all results were
grouped using the SiLiX (for Single Linkage Cluster-
ing of Sequences) package v1.2.8 (http://lbbe.univ-lyonl.fr/
SiLiX) (34). This approach for the clustering of homolo-
gous sequences, is based on single transitive links with align-
ment coverage constraints. Several different criteria can be
used separately or in combination to infer homology sep-
arately (percentage of identity, alignment score or E-value,
alignment coverage). For the Topo VIII protein dataset, we
used the additional thresholds of 30 and 45% for the iden-
tity percentage and the query coverage, respectively.

Phylogenetic analyses

Alignments and trimming: each alignment used for phy-
logenetic analyses was performed using MAFFT v7 with
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Figure 1. Schematic view of the domain composition of Topoisomerases VI, VIII and Mini-A. The Bergerat fold/GHKL, the H2TH, the Transducer, the
5Y-CAP and the TOPRIM domains are shown as yellow, purple, orange, blue and red boxes, respectively. The Topo VIII specific C-terminal region with
unknown function is shown as white box. The position of the N, G1 and G2 boxes, the switch lysine (K), the catalytic tyrosine (Y), the Mg-binding residues
(E and DxD), the RVELNAM sequence (V) and WELDAL signature (W) are indicated.

default settings (35) and trimmed with BMGE (36) with a
BLOSUM30 matrix and the -b 1 parameter.

Maximum likelihood trees: the IQ-TREE v1.7 software
(http://www.iqtree.org/) (37) was used to calculate maxi-
mum likelihood (ML) trees with the best substitution model
as suggested by the ModelFinder option (38). Branch ro-
bustness was estimated by several approaches as the non-
parametric bootstrap procedure (100 replicates) (39), the
SH-aLRT approximate likelihood ratio test (40), the ul-
trafast bootstrap approximation (1000 replicates) (41), and
with the transfer bootstrap expectation approaches recently
developed (42).

Protein structure predictions

Template-based protein structure were predicted using the
RaptorX web server (http://raptorx.uchicago.edu/). The N-
terminal half of Pseudomonas amygdali topoisomerase VIII
was modeled using Sulfolobus shibatae Topo VI B (PDB
IMXO0 chain A and 2ZBK chain B, score 261/406) (25,43)
and its C-terminal half was modeled using Methanocaldo-
coccus jannaschii Topo VI A subunit (PDB 1D3Y chain
A, score 164/263) (20). The N-terminal half of S. caldar-
ius topoisomerase VIII was modeled using Sulfolobus shi-
batae Topo VI B (PDB 1MXO0 chain A and 2ZBK chain
B, score 216/430) (25,43) and its C-terminal half was mod-
eled using M. jannaschii Topo VI A subunit (PDB 1D3Y
chain A, score 150/274) (20). Listeria monocytogenes mini-
A was modeled using M. jannaschii Topo VI A subunit
(PDB 1D3Y chain A, score 117/259) (20). Comparisons
between different topoisomerases models were conducted

with the PyMOL Molecular Graphics System (http://www.
pymol.org).

Determination of integrated mobile genetic elements

Integrated MGE (iMGE) encoding topoisomerases were
identified as described previously (44). The precise bound-
aries of integration were defined based on the presence of
direct repeats corresponding to attachment sites or target
site duplications. The direct repeats were searched for using
Unipro UGENE (45).

RESULTS AND DISCUSSION

Identification of new type IIB topoisomerases: Topo VIII and
Mini-A

In order to identify new Topo VIII sequences, we screened
the NCBI non-redundant protein and environmental se-
quence databases by PSI-Blast and tblastn algorithms us-
ing several known Topo VIII sequences as queries. Using
this approach, we identified a total number of 82 putative
Topo VIII in bacterial and archaeal genomes, as well as in
one unclassified contig (Table 1 and Supplementary Table
S1).

Within Archaea, in addition to the previously re-
ported plasmid-encoded Topo VIII (H. jeotgali, Halobac-
teriales) (14), we detected three new Topo VIII se-
quences in Metagenome-Assembled Genomes (MAGS):
a Archaeoglobales archaeon, S. caldarius (Methanosarci-
nales) and in a Candidatus division MSBL1 archaeon (31—
33). It has been proposed recently to rename archaea of the
Candidatus division MSBLI1 to Persephonarchaea, because
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Table 1. Number of Topo VIII sequences in the different archaeal and
bacterial phyla

Identified
Domain Phylum sequences
Total 82
Bacterial 77
Firmicutes 40
Proteobacteria 19
Actinobacteria 6
Bacteroidetes 5
Planctomycetes 3
Chloroflexi 1
Cyanobacteria 1
Chisholmbacteria 1
Woykebacteria 1
Archaeal 4
Euryarchaeota 4
Unclassified contig 1

they are a sister group of Hadesarchaea (Persephon being
the wife of Hades in Greek mythology) (46). We will use
this name thereafter. The Archaeoglobales archacon protein
is significantly shorter than other Topo VIII, missing the
Bergerat fold and the H2TH domains, which may be due to
the position of the topo VIII gene at the very 5 extremity
of the corresponding genomic contig. Further sequencing
would be required to clarify the size of this protein.

In Bacteria, we identified 77 Topo VIII homologs en-
coded by both chromosomes and extrachromosomal plas-
mids. The latter included the two previously identified
P. polymyxa and Paenibacillus alvei plasmids, and two new
plasmids: Pseudomonas sp. Leaf58 pBASLS8 (904 kb) and
P, amygdali pMPPIa107 (972 kb). The identification of new
Topo VIII sequences significantly expands the number of
bacterial phyla, from 3 (Bacteroidetes, Proteobacteria and
Firmicutes) to 9 phyla, including Planctomycetes, Chlo-
roflexi, Cyanobacteria and two recently described phyla,
Chisholmbacteria and Woykebacteria (Table 1) (47).

In addition to these Topo VIII, we found hundreds of
shorter proteins that contain only a 5Y-CAP and a Toprim
domains, domains which are essential for catalyzing the
DNA cleavage (Figure 1). In this work, we chose a represen-
tative panel of 23 sequences, corresponding to 11 bacterial,
3 archaeal and 9 viral sequences (Supplementary Table S2).
These proteins are notably different from previous known
protein families with a Toprim domain (48). Indeed, only
topoisomerases were known so far to contain both a Toprim
and a 5Y-CAP domain. Since these proteins are homologs
with the A subunits of Topo VI while significantly shorter
(300 residues instead of 400 residues), we named these ele-
ments ‘Mini-A’. Since Top6B and Top6A encoding genes
are invariably present as a tandem in archaeal Topo VI,
we hypothesized that a Top6B subunit homologs (‘Mini-B’
proteins?) could be also encoded in the genome of organ-
isms encoding a Mini-A gene. Our analysis of the genomic
context surrounding the Mini-A genes indicated the absence
of a Mini-B (e.g. containing the conserved Bergerat fold).
It is therefore unclear whether Mini-A proteins are active
alone, or whether they associated with another protein to
carry their function.

Mini-A and Topo VIII are both encoded by mobile genetic
elements

One characteristic feature of Topo VIII, is that it is the only
know topoisomerase subfamily which seems dedicated to
MGE, more specifically to free and integrated plasmids,
including conjugative elements (14). This feature was con-
served with the new Topo VIII sequences, which include 3
additional sequences on free plasmids. We further analyzed
the genomic neighborhoods of the 8 topo VIII genes, in-
cluding two new Topo VIII from archaeca (Ca. Persephonar-
chaea, Ca. S. caldarius) and Topo VIII from different bac-
terial phyla: Actinobacteria (Kitasatospora aureofaciens),
Cyanobacteria (Synechococcus sp. 1G10), Ca. Chisholm-
bacteria (Ca. Chisholmbacteria bacterium) and Plancto-
mycetes (Two different Fimbriiglobus ruber genomes). Con-
sistently, these sequences were found to be present in inte-
grated elements, similar to what was already observed in
the case of Topo VIII from Firmicutes and Proteobacte-
ria (Supplementary Table S3) (14). Unfortunately, it was
not possible to determine the genomic context of most
new Topo VIII genes that were mostly retrieved from
metagenome-assembled genomes (MAGS).

While Topo VIII enzymes were encoded by free and inte-
grated plasmids, the Mini-As are encoded in the genomes of
bacteria, archaea, archacoviruses and bacterioviruses (bac-
teriophages), including pathogens such as Listeria, Pseu-
domonas, Clostridium and Salmonella. In the case of bacte-
rial and archaeal sequences, we found viral elements at the
vicinity of 9 out of 14 Mini-As (Supplementary Table S2).
The remaining 5 Mini-As were found in small contigs, limit-
ing the possibility of such genomic context analysis. There-
fore, the Mini-A seems associated either with free viral se-
quences or with integrated proviral sequences. As a result
our analysis reveals an additional level of diversity of type
IIB topoisomerases in viruses.

Topo VIII exhibit two types of ATPase boxes

The B subunit of Topo VI is involved in the ATP bind-
ing and hydrolysis, thanks to one characteristic ATPase
fold called the Bergerat fold or GHKL domain (18,24).
In Topo VIII, the Bergerat fold is well conserved among
the different sequences we identified (38% sequence iden-
tity). In particular, key residues involved in ATP-binding
within the N-, the Gl-and the G2-boxes are conserved in
most Topo VIII (93%) (Figure 2). We nonetheless found
two distinct G2-box sequences (GxxGxG and GxxGxA) in
Topo VIII. The last residue of these G2-boxes are known
to interact directly with ATP, so that GxxGxG Topo VIII
and GxxGxA Topo VIII may display substantial activity
differences. Importantly, both GxxGxG and GxxGxA se-
quences have been associated with functional ATPase, re-
spectively in Topo VI and in MutL (24,49). Consistently,
both GxxGxG and GxxGxA Topo VIII were associated
with a functional switch lysine, in the transducer domain
(81 out of 82 sequences).

Previously, a GxxGxA Topo VIII encoded by Ammonifex
degensii was shown to linearize supercoiled plasmids, sug-
gesting that the enzyme could cleave DNA without religa-
tion (14). Such an activity could mirror eukaryotic Topo
VI-like enzymes, which are known to catalyze programmed
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* * * * k * * * * * * * *
Sshi LIEYSLE €1 QTh LGVKA KEFLVNEFQSIG FKKDEDFRSP LCSTKIPYKSAGQESI
VI (archaea) Mmaz DYALSA IIED L Qsi IGISA APFLRYSFCKIG FEKVK-IMAP VASINVPFTSESIDAT
Mjan  IHQLVTYSLBA AVED I QSj IGAAG KKFKDSVEWNMV L-QSMEFMAP LISTFIPYTSAGLQAV
VI (eukaryote) Atha  VRBLVEJALWNS TCKDNEKEM OTEKFELGAKM LQFLONEFVNIN F-RQAKFDDP IVSTKIPFKGTGREYI
VI-like (eukaryote) Hsap ~ LRFLIIHWKCD TVAS-—---- KEIQSILPGISA QHYVRPNFGTIE LGHPVMLFIP LVLPDVSYQVESSEED
VIl (bacteri Adeg LVIRYATINA TVAD 1 PTH KT RDFV-ROQFRGLT MKEH--SRPA LISEALDFLDRTITRL
(bactena) Wbac LVIDSLMA SVSDNENZL BTj KC REFV-SEFRGLA MQEN--SPIV IATZRLELAGHGJGET
VIil (archaea) Hjeo LINNSLEA GVYDDEPEI BTR S RDEFV-SQFHGLK TTER--SESG IYCENVGFRDKGZQGF
Scal LINJALNA RVRDS BTy KEFL-QRFRGVS VKKS--TKPP IIS|3GLEYONYGKTEF
Vill (bacteria) Mmar LTYATIV VVKN F BsE GLRV ~SQFT-PYFEGIA LREN--SKYV ITT IVSNGZEPD
Ppol LVNSLYA RVSDYEIEI BSj GLRV KSFV-SLE--AG LREA--IKPP IIT ITSD D
N box Gl box G2 box Switch Lys
Bergerat Fold H2TH Transducer
* * * *
Sshi  TIRDLY}RGKHSLLIK L AVF ILTRARP FSVF TERMAS
VI (archaea) Mmaz  TLRELYMISE------ IATYTGEMY VETBGYPWS ASV G Yrac
Mjan  TLREAYJ{VSKNW---- VGKZJARTL VFTHGEPYEYLNIYRT GVFAROOS
VI (eukaryote) Atha  TKRDLFJ§TDV------ LL AAY ALVESBPYELKHLSVY KQKABIQRLSS
VI-like (eukaryote) Hsap TKRDIYMTDS------ LI ATF TLVBANPHETENMMCIY IQN\LTFL
VIl (bacteri Adeg  SARTLYFOVEPLIQOTY L LW VLHARP TL CRAI A
(bactena) Wbac  NARQIMMAVZPYVLEQ LFIAJEEFD VLRLFD TL GKj S
VIil (archaea) Hjeo  EMROLYNKFIPLFLDE LFIDZTEFM VLSHLETAEVGHADNV DNRVEINEIFSP
Scal  PIRQVFIKHRPILOEH LYI] FI CLEBCHIDEIENKNTL VDR SP
VIII (bacteria) Mmar SLRQL SNPFVMEA LYS] FF CI )TISEeT QAL EYRI T
Ppol  SOROLYMATRPYIMEA IFI] F TKMFETL Rj SMTT
Mini-A Ppha  TIRQLYfOLVARGHIE VVVEZEALA HLGRHEPSEIDMSRDL EESWEIDERLSP
ILmon  TLRQVYFOLVATGVIE VWVIEZDALV HLGRHMPSEIDMSRDI YECWEHIDLKP
Cat. Tyr Mg binding RVELNAM box
5Y-CAP Toprim

Figure 2. Conservation of Topo VIII. Alignment of Topo VIII, Topo VI, Topo VI-like and Mini-A proteins from Sulfolobus shibatae (Sshi), Methanosarcina
mazei (Mmaz), Methanocaldococcus jannaschii (Mjan), Arabidopsis thaliana ( Atha), Homo sapiens (Hsap), Ammonifex degensii (Adeg), Ca. Woykebacteria
bacterium, Halalkalicoccus jeotgali (Hjeo), Ca. Syntrophoarchaeum caldarius, Microscilla marina (Mmar), Paenibacillus polymyxa plasmid pPPM 1a (Ppol),
Pseudomonas phage NP1 (Ppha) and Listeria monocytogenes (Lmon). More than 95% conserved residues are highlighted in black and >90% conserved
residues are highlighted in gray. The last residue of the G2 box, either a glycine or an alanine is shown in red. Residues involved in ATP binding (Bergerat
Fold and Transducer), the DNA binding (H2TH), divalent ion binding (Toprim) and the catalytic tyrosine are indicated by an asterisk.

double-strand breaks during meiosis (26,27). Interestingly,
in these enzymes, the G2-box is largely degenerated, with
only one G present (GxxxxX), raising doubts about the AT-
Pase activity (26,27). By contrast, GxxGxG Topo VIII en-
coded by P. polymyxa and Microscilla marina were able
to relax supercoiled plasmids, with no detectable double-
strand breaks, indicating that the DNA breaks were reli-
gated (14). Thus, the GxxGxA/GxxGxG signature may be
important for the activity and, therefore, the function of
topoisomerases.

Residues involved in DNA cleavage are conserved among type
IIB topoisomerases

Contrary to the ATPase domains, the elements involved in
DNA cleavage, more specifically within the 5Y-CAP and the
Toprim domains are mostly conserved among the different
type IIB topoisomerases. The main difference is the absence,
in every Topo VIII and Mini-A, of the N-terminal part of

the 5Y-CAP, which is involved in heterodimeric interaction
between Top6A and Top6B (43,50). Overall, the SY-CAP
domain is well conserved among different Topo VIII (40%
sequence identity) and the catalytic tyrosine, found in that
domain, is conserved not only in every Topo VIII but also in
every Mini-A proteins (Figure 2). Consistently, the Toprim
domain is well conserved in Topo VIII (44% sequence iden-
tity), and the divalent cation-binding region is similar be-
tween Topo VI and Topo VIII (Figure 2). More specifi-
cally, the residues involved in this interaction (E followed
by DxDxxG) are conserved in every Topo VIII and Mini-
A. This overall conservation suggests that both Mini-A and
Topo VIII are likely able to cleave DNA similarly to Topo
VI

We identified several differences between Topo VI, Topo
VIII and Mini-A. Both Topo VI and Mini-A contain one
highly conserved arginine residue before the catalytic tyro-
sine, which seems to interact with DNA (Figure 2). In addi-
tion, the residue located immediately upstream of the cat-
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alytic tyrosine is often a tyrosine or phenylalanine which
likely contributes to the respective positioning of the cat-
alytic tyrosine and the DNA. Similarly, the majority of
Topo VIII (59/82) displays the RxxY/FY sequence. How-
ever, a significant proportion of Topo VIII (18/82) have the
RxxMY sequence while a few Topo VIII (5/82) displayed
the HxxY /FY sequence. In addition, Topo VIII possess an
arginine conserved in every sequences, three residues after
the catalytic tyrosine, often followed by a proline residue,
which are found in neither Topo VI nor in Mini-A proteins
(Figure 2). Overall, the Topo VIII CAP-5Y domain shows
an unexpected diversity surrounding the catalytic tyrosine
with additional conserved residues compared to Mini-A
and Topo VI. These conserved residues, at the vicinity of
the catalytic tyrosine, are mostly arginine residues, known
to interact with DNA.. It is therefore possible that Topo VIII
recognizes different DNA sequences and/or structures than
Topo VI and Mini-A. Further functional studies will be im-
portant to dissect the precise function(s) of Topo VIII and
Mini-A.

One major limitation to understand Topo VI, Topo VIII
and Mini-A interplay with nucleic acids, is the absence
of structure of any complexes between these proteins and
DNA. A short domain, called the H2TH, located between
the Bergerat fold and the transducer domain, was previ-
ously shown to bind DNA (23). This biochemical work in-
dicated that the DNA was bend inside Topo VI catalytic
site, thanks to the action of H2TH. Several basic residues
from the H2TH seemed involved in DNA binding. In Topo
VIII, this short domain (63-93 residues) is poorly conserved
(28% sequence identity) and no basic residues seem to align
with those identified in the archaeon Methanosarcina mazei
Topo VI (Figure 2) (23). Basic residues at different posi-
tions might substitute for this DNA binding property, but
the function of Topo VIII H2TH cannot be extrapolated
from Topo VI at the moment.

Topo VIII show large diversity in the transducer domain

In Topo VI and Topo VIII, the transducer domain con-
nects the ATPase region to the DNA cleavage region. While
the switch lysine which interacts with ATP is conserved,
the rest of the transducer domain sequence is considerably
more divergent in different Topo VIII (28% sequence iden-
tity). In particular, the length of this domain varies from 135
residues for several Topo VIII from Proteobacteria to 204
residues for the Topo VIII from Persephonarchaea. There is
a significant (Mann-Whitney U test (51) P < 10~1?) differ-
ence between transducer domain lengths in GxxGxA Topo
VIII (median 146 residues) and GxxGxG Topo VIII (me-
dian 179 residues) (Supplementary Table S1). The difference
between Topo VIII transducers may affect the way the AT-
Pase activity (in the N-terminal region) is connected with
the transesterase activity (in the C-terminal region), and
may also influence Topo VIII activity.

In seven sequences, we found the Topo VIII encoded
by two adjacent genes, and the separation between the
two subunits always occurs in the transducer domain, at
two different positions (Figure 3). In the case of Desulfi-
tobacterium chlororespirans (Clostridiales, Firmicutes) and
P. alvei (Baciliales, Firmicutes), the Topo VIII separations

occur at the limit between the H2TH and the transducer
domain. Therefore, the position of the separations should
not affect the folding of functional domains, and would be
compatible with a functional enzyme. The Topo VIII se-
quences found in Candidatus Chisholmbacteria bacterium
(Chisholmbacteria), Woykebacteria bacterium (Woykebac-
teria), Actinobacterium bacteria (Actinobacteria), Ensifer
sp. (Proteobacteria) and Proteobacteria bacterium (Pro-
teobacteria), are separated at the end of the transducer do-
main, just before the long «-helix, which connects the N-
terminal and the C-terminal moieties of the protein. Sim-
ilarly to the other 2-subunit Topo VIII, this separation
should be compatible with the functionality and folding of
the enzyme.

Therefore, the transducer domain is highly versatile, with
different lengths, being even split into two subunits in sev-
eral Topo VIII. Such split events have been also observed
in other topoisomerase families, such as reverse gyrases and
Topo IB, which can be functional either as a single polypep-
tide or as two subunits (52,53). One hypothesis is that the
transducer domain could accommodate larger number of
mutations compared to other domains that contain many
conserved and indispensable residues. In spite of that, the
observed differences may still affect the function of the
Topo VIII.

Identification of a new conserved box in the different Type
IIB topoisomerase subfamilies

As described previously (14), Topo VIII contain one partic-
ular RVELNAM sequence motif at the end of the Toprim
domain. Consistently, the newly identified Topo VIII con-
tain this conserved signature sequence confirming this ob-
servation. Interestingly, this region corresponds to a less
conserved region in Top6A and Spol1 (R/KxExxA/Sx) in
which, the arginine is either conserved or substituted to ly-
sine, and the glutamate is conserved (Figure 2). The ala-
nine is often either conserved or substituted to a serine
residue, with the notable exception of Saccharomyces cere-
visiae Spol1 in which this short residue is substituted by glu-
tamate. Remarkably, Mini-A proteins also display their own
characteristic signature sequence at this region, the XWEL-
DAL sequence.

In Topo VI, the corresponding motif seems involved in
the interaction between the different subunits inside the
complex. Topo VI functional enzyme is composed of two
B and two A subunits. In the crystal structures of the ar-
chaeal Topo VI and the crystal structure of Top6A subunits,
the two A subunits dimerize and the (R/KxXExxA /Sx) box
is found at the interface between the two molecules (Fig-
ure 4) (20,43,50). We decided to call it the T2BI-box (Type
IIB topoisomerases Interaction). In M. jannaschii Topo VI
(20), the conserved T2BI glutamate residue (E340) forms
hydrogen bonds with the conserved arginine (R99) and the
catalytic tyrosine (Y103) in the SY-CAP. The aromatic ring
of the catalytic tyrosine (Y 103) also fits in a hydrophobic
pocket centered on the T2BI serine (S343) (Figure 4). No-
tably, in Topo VI, Topo VIII and mini-A, the latter serine
residue is often replaced by an alanine (Figure 2); neverthe-
less, both residues appear to be compatible with the forma-
tion of the hydrophobic pocket. Consistently, point muta-
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Figure 4. Structure of Methanocaldococcus jannaschii Top6A dimer (PDB ID: 1D3Y). (A) Cartoon Representation of two Top6A molecules in the dimers.
The coloring scheme is the same as that in Figure 1. In addition, T2BI boxes are shown in green. (B) Detailed view of the interaction between T2BI and
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dashed lines.

tions of the conserved lysine and glutamate in the T2BI-
box have been previously generated in yeast Spoll, and
the resulting mutants showed decreased DSBs formation,
and subsequent meiotic recombination and spores forma-
tion (54).

Surprisingly, none of the three Topo VI apo-form struc-
tures presently available are compatible with the presence of
a DNA molecule, since the T2BI-box covers the catalytic ty-
rosine involved in the transesterase reaction. Thus, this box
may be important for regulating type IIB enzymes activity,
preventing uncontrolled cleavage of DNA. Both Topo VIII
and Mini-A proteins possess additional conserved residues
in the T2BI-box (resp. RVELNAM and xWELDAL se-
quences) which may reinforce their binding to the catalytic
tyrosine region. Obtaining the structure of a type IIB topoi-
somerase (Topo VI, Topo VIII or Mini-A) with a DNA
molecule will be determinant for understanding how the

T2BI box can regulate the DNA cleavage. We therefore
identify one motif which seems sufficient to discriminate
between Topo VI, Topo VIII and Mini-A, and be there-
fore one key element distinguishing between the function
of these three subfamilies of type IIB topoisomerases.

Structural prediction of Topo VIII and Mini-A proteins

The previously identified Topo VIII were predicted to fold
similarly to the two known crystal structures of Topo VI
(43,50), although the connection between the N-terminal
and C-terminal moieties of the protein could not be mod-
eled (14). Consistently, homology-based structure predic-
tions indicate that newly identified Topo VIII should fold
similarly to Topo VI. In particular, the overall protein archi-
tecture was very similar between archaeal Topo VIII from
Candidatus S. caldarius (GxxGxA) and bacterial enzyme
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from P. amygdali plasmid (GxxGxG) (Figure 5). The N-
terminal moiety of both Topo VIII superposes well with the
Bergerat fold, the H2TH and the first half of the transducer
domain of Topo VI, while the C-terminal moiety of these
enzymes as well as Mini-A proteins superpose with the sec-
ond half of the 5Y-CAP and the Toprim domains (Figure
5A).

Neither Mini-A nor Topo VIII proteins contain the first
part of the SY-CAP, which is involved in the interaction with
Topo VI B subunit (Figure 5A) (43,50). This feature is con-
sistent with the fact that both sides of the proteins are con-
nected within one single polypeptide chain in the case of
one-subunit Topo VIII but, at the same time, it raises ques-
tion about how the two subunits associate in the case of split
Topo VIII. The absence of this interacting region in Mini-A
is one indication that these proteins may not be associated
with a Mini-B.

Although the folding of the connections between N and
C-terminal moieties cannot be modeled by homology, this
region is predicted to fold as a single a-helix in the case of
GxxGxG Topo VIII such as P. amygdali Topo VIII. As a
consequence, in the case of this GxxGxG Topo VIII, the
transducer may connect the ATPase region to the SY-CAP
catalytic domain by a single a-helix (Figure 5B). By con-
trast, the corresponding region in GxxGxA Topo VIII such
as Ca. S. caldarius Topo VIII are longer and contains two
additional a-helices (Figure 5B). It is not clear how such
three-helical connection folds, but this difference between
GxxGxG and GxxGxA Topo VIII should impact the rela-
tionship between the ATPase region and the DNA cleavage
region and, consequently, the Topo VIII activity.

Topo VIII phylogeny indicates a separation between two
groups of enzymes

We further aligned the 82 Topo VIII sequences together
with the Topoisomerase VI B and A subunits from the
archaea M. mazei and Sulfolobus shibatae using MAFFT
(35). In the resulting maximum likelihood phylogenetic tree,
we could identify two major monophyletic groups (BV =
100%), that corresponds to the GxxGxG and GxxGxA se-
quences with two exceptions (Figure 6). Archaeoglobales
archaeon Topo VIII, which groups with GxxGxA Topo
VIII, is truncated so that the sequence of the G2-box is un-
known. The Topo VIII from one unclassified contig harbors
the GxxGxG sequence while grouping with GxxGxA Topo
VIII. One cannot exclude that the position of this Topo VIII
corresponds to one long branch attraction, since this se-
quence displays the longest branch in Topo VIII phyloge-
netic tree (Figure 6).

The divergence between the GxxGxA and GxxGxG mo-
tifs may indicate an ancient event which led to two differ-
ent subgroups of Topo VIII. Topo VIII may be further di-
vided into additional subgroups, but they are not supported
by statistical analyses and additional Topo VIII sequences
would be required to confirm the relevance of these groups.
For instance, the residues surrounding the catalytic tyro-
sine (mainly RxxY/FY) is found with variations in several
monophyletic groups (Supplementary Figure S1).

GxxGxG Topo VIII comprises 21 sequences from seven
different bacterial phyla and from archaea, most of which

live in extreme environment (high salt, high temperature,
acidic soil) while the 60 GxxGxA Topo VIII sequences
are encoded by organisms living in ambient environments.
Thus, Topo VIII diversification seems partly associated with
environmental factors, indicating horizontal spread. In ad-
dition, sequences from the same bacterial phyla usually
form monophyletic groups within a given Topo VIII sub-
group, suggesting vertical descent. Nonetheless Firmicutes
and Proteobacteria are present in both Topo VIII groups,
suggesting that both groups originated from a gene dupli-
cation that could have occurred at the onset of bacterial
evolution and later on co-evolved with their hosts (Figure
6). Interestingly, the four archaeal Topo VIII form a mono-
phyletic clade inside the GxxGxA group. This suggests that
Topo VIII were transferred from Bacteria to Archaea after
the divergence between the two groups of Topo VIII. These
results are consistent with the mobile character of Topo
VIII found on plasmid and integrated mobile elements.

The seven two-subunit Topo VIII are found at different
positions in the phylogenetic tree (Figure 6), and do not
form monophyletic groups, although one subgroup includes
larger proportion of the split Topo VIII variants. This dis-
tribution is consistent with multiple and independent and
recent split events that produces functional enzyme.

Network analysis of the Topo VIII sequences is con-
sistent with the results of phylogenetic analysis (Supple-
mentary Figure S2). 59 out of 60 GxxGxG Topo VIII se-
quences gather into one group in this network, while 19
out of 23 GxxGxA sequences form a distinct group. The
two halophilic archaeal Topo VIII (from H. jeotgali and
Persephonarchaea archacon), the truncated Archaeoglobales
archaeon and the Topo VIII from the unclassified contig
are excluded from this group, consistent with the phylogeny,
in which these four sequences display long branches (Fig-
ure 6). In the corresponding phylogeny, branch supports are
low, indicating that the identification of more archaeal Topo
VIII is necessary for interpretation of the evolution of this
family of topoisomerases.

Mini-A, Topo VI and Topo VIII form three distinct subfam-
ilies of the Type IIB family

In order to investigate the evolutionary relationships be-
tween viral Mini-A proteins, plasmids Topo VIII and the
chromosomal Topo VI, we selected 85 sequences represen-
tative of Mini-A, Topo VI A subunits, and the C-terminal
moiety of Topo VIII, for phylogenetic analysis. The result-
ing maximum likelihood tree (Figure 7) shows that Mini-A,
Topo VI and Topo VIII proteins forms three highly sup-
ported (bootstrap value = 100%) monophyletic groups, dis-
tinct from each other. Therefore, Mini-A represents a new
subfamily of Type IIB topoisomerase, encoded by free and
integrated virus. Type 1B topoisomerases family is there-
fore present as plasmids (Topo VIII), virus (Mini-A) and as
non-mobile chromosomal (Topo VI) genes.

At the moment, it is not possible to root the phylogeny,
leading to two main alternatives regarding the evolution of
type IIB enzymes. (i) The ancestor of the three A domains
was already associated to a B subunit, and one lineage lost
the B subunit leading to Mini-A. In that case, Mini-A an-
cestor protein would have emerged after the uptake of one
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Sulfolobus shibatae Syntrophoarchaeum caldarius Pseudomonas amygdali
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Figure 5. Homology modeling of Topo VIII and Mini-A structures. (A) Comparison of Topo VI crystal structure (PDB ID: 2ZBK) with Syntrophoarchaeum
caldarius Topo VIII (GxxGxG) and Pseudomonas amygdali Topo VIII (GxxGxA). (B) Structure prediction of Listeria monocytogenes Mini-A. The coloring
scheme is the same as that in Figure 1. (C) Modeling of Topo VIII junction between the transducer domain (orange) and the SY-CAP domain (blue) and

comparison with Sulfolobus shibatae Topo VI known structure.

fragment of Topo VI or Topo VIII gene by one virus. In
that scenario, the B subunit was either lost from the vi-
ral genome or underwent major modifications leading to a
non-canonical B-subunit (Mini-B) that is yet to be discov-
ered. (ii) The ancestor of the three A domains was a stand-
alone A protein, similarly to Mini-A. Thereafter, two of its
descendants became associated to homologous B subunit
in one or two events, to become the Topo VI and the Topo
VIII. Since Mini-As are only found in viruses, it would be
more likely, under this hypothesis, that the ancestor of Type
IIB topoisomerases was encoded in viral genome. In addi-
tion, this protein would predate Topo VI, found in almost
every archaeon and several eukaryotes, and thereafter pre-
date LACA (Last Archaeal Common Ancestor) and possi-
bly LEACA (Last Eukaryal and Archaeal Common Ances-
tor). Understanding the origins and the functions of these
enzymes will require further investigation, including the de-
terminations of the in vitro activity of Mini-A enzymes, and
the in vivo functions of the protein during viral cycle.

CONCLUSION

Overall, our work confirms the main observation concern-
ing Topo VIII: the 82 Topo VIII representatives seem to be
encoded by MGE. Topo VIII is therefore the only known
topoisomerase subfamily which is exclusive to MGE. De-
spite a major role of plasmids in HGT, driving bacterial
adaptation and resistance to antibiotics (55,56), many as-
pects of plasmid replication remain poorly understood. In
particular, there is little knowledge about how topoiso-
merases participate in plasmid replication, expression and
conjugation. Plasmid type TA topoisomerase (Topo TA)
has been previously shown to be encoded by the conjuga-
tive plasmid RPA, with many homologs in other plas-
mids from Proteobacteria and Firmicutes (57). Interest-
ingly, both Topo VIII-encoding plasmids, pPPM1A of P.
polymyxa and pAV109 of P alvei, also encode Topo 1A,
suggesting that several topoisomerases may contribute to
the replication/propagation of conjugative plasmids (14).
In the new Topo VIII plasmids, pMPP1a107 and pBASLSS,
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Figure 6. Phylogeny of Topoisomerases VIII. IQ Tree of the 82 topoisomerases VIII. Topo VIII sequences are color-coded corresponding to the taxonomy:
Firmicutes in purple, Chloroflexi in light green, Actinobacteria in brown, Cyanobacteria in dark green, Proteobacteria in pink, Planctomycetes in orange,
other bacterial phyla/MAG in black and archaea in red. Relevant booster values above 95% are represented as black closed circle, while other values are
shown. The scale-bars represent the average number of substitutions per site.
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KUO39196.1 Hadesarchaea archaeon DG-33
WP_095608900.1 Methanosphaera cuniculi
0OGD58076.1 Ca. Bathyarchaeota archaeon
WP_012940427.1 Archaeoglobus profundus
WP_010902622.1 Halobacterium salinarum
WP_011034342 Methanosarcina mazei

005208 Sulfolobus shibatae

WP_010979317.1 Sulfolobus tokodaii

WP_013776218.1 Acidianus hospitalis

WP_014026829.1 Pyrolobus fumarii
ALU11968.1 Ignicoccus islandicus DSM13165 Topo VI
XP_002294481.1 Thalassiosira pseudonana CCMP1335
OEU16530.1 Fragilariopsis cylindrus CCMP1102
XP_002177352 Phaeodactylum tricornutum
CBJ26510 Ectocarpus siliculosus
XP_009033959 Aureococcus anophagefferens
NP_195902.1 Arabidopsis thaliana
NP~001141583 Zea mays
XP_011527058.1 Homo sapiens
NP_991245 Danio rerio
NP_593479.1 Schizosaccharomyces pombe
CEG38127.1 Plasmopara halstedii
XP_002180881 Phaeodactylum tricornutum
CBJ26903 Ectocarpus siliculosus
OAO15418.1 Blastocystis sp.
NP_176582.2 Arabidopsis thaliana
XP_020406911 Zea mays

BABO01408.1 Arabidopsis thaliana
O _| E NP_001347894 Zea mays
NP_502081 Caenorhabditis elegans
SPO Drosophna melanogaster

SPO_Saccharomyces_cerivisiae
XP_001019494 Tetrahymena thermophila

WP_058318294 Thalassobius mediterraneus
WP_025592331 Agrobacterium tumefaciens
WP_081624638 Rhizobium gallicum

OGY17863 Ca. Chisholmbacteria bacterium

PWT73231 Proteobacteria bacterium

WP_088256702 Fimbriiglobus ruber

WP_005742844 Pseudomonas amygdali
WP_002693844 Microscilla marina

WP_081949382 Paenibacillus durus Topo VI
WP_014600290 Paenibacillus polymyxa

WP_051290026 Paenibacillus panacisoli

WP_072771422 Desulfitobacterium chlororespirans

OFV67932 Ca. Syntrophoarchaeum caldarius
WP_027356873 Desulfofundulus thermocisternus

WP_078656194 Kitasatospora aureofaciens

WP_052434878 Streptacidiphilus melanogenes
WP_015739349 Ammonifex degensii

0.88

0.4

Figure 7. Phylogeny of Type IIB Topoisomerases. IQ Tree of the 85 proteins, from Mini-A, Topo VI and Topo VIII subfamilies. Sequences are color-coded
corresponding to domain of life: Archaea in red, Bacteria in Blue and Eukarya in green. Relevant booster values above 95% are represented as black closed
circle, while other values are shown. The scale-bars represent the average number of substitutions per site.
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we found two (RefSeq WP_082476939 and WP_005742386)
and one (RefSeq WP_082476939) Topo IA homologs, re-
spectively. In addition, both plasmids encode the two
subunits of Topo IV (WP_056799298 and WP_056799295
for pBASL58 and WP_114805133 and WP_005742002 for
pMPP1al07). These plasmids, therefore, encode 3 and 4
different topoisomerases, respectively, highlighting the im-
portance of these enzymes for the replication, expression
and/or mobility of large plasmids.

The function of viral Mini-As also remains to be eluci-
dated. Toprim domains consist of about 100 amino acids
present in DnaG-type primases, type IA and type 11 topoi-
somerases, nucleases of the OLD family and bacterial DNA
repair proteins of the RecR /M family (48). The absence of
an ATPase domain in Mini-As could suggest that these pro-
teins have a different activity than Type IIB topoisomerases.
However, the pairing of Mini-A with other proteins, either
virus of host encoded, cannot be excluded at the moment.
Several Mini-As were found encoded by viruses infecting
pathogenic bacteria, notably, Listeria monocytogenes and
Salmonella enterica, the causative agents of listeriosis and
salmonellosis, respectively (58,59). In the context of phage
therapy advances, understanding the function(s) of these
new viral topoisomerase-like proteins could bring impor-
tant insight into the DNA transactions during the viral cy-
cle. Future analyses of the prokaryotic mobilome are most
likely to uncover novel (sub)families of topoisomerases and
other genome replication enzymes.
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