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A protein encoded by a new family of
mobile elements from Euryarchaea exhibits
three domains with novel folds
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Abstract: We present here the 2.6Å resolution crystal structure of the pT26-6p protein, which is
encoded by an ORF of the plasmid pT26-2, recently isolated from the hyperthermophilic archaeon,

Thermococcus sp. 26,2. This large protein is present in all members of a new family of mobile

elements that, beside pT26-2 include several virus-like elements integrated in the genomes of
several Thermococcales and Methanococcales (phylum Euryarchaeota). Phylogenetic analysis

suggested that this protein, together with its nearest neighbor (organized as an operon) have

coevolved for a long time with the cellular hosts of the encoding mobile element. As the
sequences of the N and C-terminal regions suggested a possible membrane association, a

deletion construct (739 amino acids) was used for structural analysis. The structure consists of

two very similar b-sheet domains with a new topology and a five helical bundle C-terminal domain.
Each of these domains corresponds to a unique fold that has presently not been found in cellular

proteins. This result supports the idea that proteins encoded by plasmid and viruses that have no

cellular homologues could be a reservoir of new folds for structural genomic studies.
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Introduction

The origin of viruses, plasmids, and related elements

is presently a highly controversial topic in evolutionary

biology.1,2 A typical feature of viral genomes and plas-

mid sequences is to encode a much higher proportion

of orphan proteins than cellular genomes.2 Further-

more, viral genomes and plasmids also encode many

proteins that are not true ORFans (without any homo-

logues in current databases) but have only homologues

in other viruses or plasmids.1,3 Two hypotheses can be

proposed to explain these observations. In the first

one, viral- and plasmid-specific proteins have in fact

cellular homologues, but these homologies cannot be

recognized through sequence comparison, because

they evolved more rapidly than their cellular counter-

parts. Alternatively, viral and plasmid specific proteins

directly originated in ancient viral world or in ancient

cellular lineages that have not left descendents in the

present biosphere. If the first hypothesis is correct,

one should expect that many viral- or plasmid-specific

proteins should have cellular homologues detectable

by structural similarity only (with already known

folds), that will be finally identified once their three

dimensional structure will be solved. On the contrary,

if viral and plasmid specific proteins have really no

homologue in modern cells, one should expect that

many of them will exhibit totally new folds. In the lat-

ter hypothesis, viruses and plasmids might represent

an immense reservoir of new protein folds, outnum-

bering by far folds already identified through struc-

tural genomics projects. This is an important question,

since the number of new protein folds discovered

through structural genomic projects targeting cellular

proteins is continuously decreasing.4 We present here

the first results of a small scale structural genomics

project to start testing these ideas. We focused on sev-

eral plasmids recently isolated from hyperthermophilic

archaea of the genus Thermococcus.5 We focus on a

large protein (pT26-6p) encoded by one of these plas-

mids, pT26-2, from the Thermococcus strain 26-

2.We have solved the structure of the protein pT26-6p

and found that it consists of three domains each with

a unique fold. This protein has closely related ‘‘cellu-

lar’’ homologues in several genomes of Thermococcales

and Methanococcales (phylum Euryarchaea). However,

pT26-6p can be considered as a virus/plasmid specific

protein since all these homologues are systematically

present in virus-like elements integrated into these

genomes.

Results and Discussion

The plasmid pT26-2 (21,566 bp long) which has been

isolated from the strain Thermococcus sp 26-2 enco-

des 32 putative proteins, including an integrase, and

will be described in detail elsewhere (Soler et al., in

preparation). Homologues of several contiguous genes

encoded by pT26-2 are present in the genomes of sev-

eral archaea of the orders Thermococcales and Metha-

nococcales, also forming continuous stretches of genes

organized in the same order and transcribed in the

same direction. Two of these structures have been

already noticed in the genome of the hyperthermo-

philic archaeon Thermococcus kodakaraensis and

dubbed TKV2 and TKV3 for Thermococcus Kodakar-

aensis Virus-like 2 and 3.6 Figure 1(a) illustrates the

structure of the conserved portion of these elements in

Thermococcales. In all cases, they are located nearby a

tRNA gene located at the right end of the element,

indicating that they probably correspond to integrated

mobile elements. The C and N terminal domains of

the pT26-2 integrase homologues are located at each

side of the element, indicating that integration occurs

by recombination between a region of a tRNA gene

and a homologous region within the integrase coding

gene. All mobile elements of this new family encode

two large proteins that are encoded by contiguous

genes. We have identified 14 couples of these two

proteins in 10 archaeal genomes of the order Thermo-

coccales and Methanococcales. A phylogenetic analysis

of the concatenation of these two proteins shows a

clear distinction between these two archaeal orders

[Fig. 1(b)]. Interestingly, Thermococcales and Metha-

nococcales are closely related in consensus archaeal

phylogenetic trees based on ribosomal proteins or

RNA polymerase subunits.9 These data indicate that

proteins, pT26-5p and pT26-6p are essential compo-

nents of the pT26-2 plasmid/virus family and that

they have probably coevolved with their hosts since a

very long time. These proteins can thus be considered

as viral-/plasmid-specific (viral hallmark proteins

sensu Koonin).3

Overall structure of pT26-6p

Sequence analysis and membrane region prediction

algorithms suggested the presence of membrane

spanning segments at the N- and C-termini of

the protein pT26-6p (not shown). To carry out struc-

tural studies, we decided to concentrate on a protein

construct from which we removed these putative

membrane spanning regions. We purified and crystal-

lized a truncated protein construct missing 146 resi-

dues at the N- and 78 residues at the C-terminal

(DN147–DC671). The protein crystallized in P65 space

group and the structure was solved at 2.6Å resolu-

tion. The statistics on data collection and refinement

are provided in Table I. The asymmetric unit contains

two copies of pT26-6p related by a local two-fold

symmetry axis.

pT26-6p has an elongated shape that consists of

three contiguous domains from N to C terminus: two

b-sandwich domains (regions comprising residues

148–368 and residues 369–529) and a bundle of five

a helices (region 530–670) [Fig. 2(a,c)]. The sheets of

the two b-sandwich domains are lying in the same
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plane and the longitudinal axis of the helix bundle is

perpendicular to it. Both b-sandwich domains share

the same fold, composed of two sheets made of four

antiparallel b strands. Despite the low amino acid

sequence identity (11%) between these b-sandwich
domains, their structures superpose very well (rms

deviation of 2.18Å for 101 Ca positions aligned)

[Fig. 2(b)]. The b-sheets of the second sandwich

domain pack against four helices, two are originating

from the N-terminal and two are inserted between b6
and b7 from the first b-sandwich domain [Fig.

2(a,c)]. The helical bundle domain contains five anti-

parallel helices (a5–a9). In the global structure of

pT26-6p the N- and C-termini, where the putative

membrane spanning segments were truncated, are in

close proximity. This suggests that both N and C

terminal segments may form a single membrane

spanning domain.

The elongated structure of pT26-6p is stabilized

by extensive inter domain interactions. The second

central b-domain extensively interacts both with the

N-terminal b-domain and with the helical bundle.

The interaction between the two b-domains involves

a hydrophobic patch surrounded by polar interac-

tions: 37 hydrogen bonds and seven salt bridges, bur-

ying 20% of the N-terminal and 31% of the central

domain.

Figure 1. Genomic and phylogenetic repartition of pT26-5p and pT26-6p homologues. (a) Genomic organization of a part of

virus-related integrated elements including pT26-6p homologues. Boxes represent putative ORFs, and numbers inside boxes

correspond to the ORF numbers in the genomes. The yellow, pink and red boxes respectively represent the ORF encoding

the C-terminal part of the integrases, the pT26-5 homologues and the pT26-6 homologues. Homologous ORFs are linked

together (with doted line for a jumping link). (b) Unrooted maximum likelihood tree of concatenation of pT26-5p and pT26-6p

homologues. 14 sequences from Thermococcales and Methanococcales were aligned by MUSCLE 7 and 401 homologous

positions were selected for tree calculation by PHYML 8 using a JTT model of amino acid substitution. A gamma correction

with four discrete classes of sites was used. The alpha parameter and the proportion of invariable sites were estimated. The

robutness of the tree was estimated by non-parametric bootstrap analysis (1000 replicates) using PHYML. Scale bar

represents the number of substitutions per site.

Table I. Statistics of Data Collection and Structure
Refinement

Space group P65

Unit-cell parameters 133.15, 133.15, 164.21
a, b, c (Å)
Resolution (Å) 47.14–2.60 (2.74–2.60)
Total number of refl. 205,989 (27,568)
Total of unique refl. 50,396 (6968)
Multiplicity 4.1 (4.0)
Rmerge

1 0.128 (0.031)
I/r(I) 4.6 (0.9)
Overall completeness (%) 99.1 (99.1)
R/Rfree (%)b 19.23/23.37
R.m.s.d. bonds (Å) 0.007
R.m.s.d. angles (�) 1.075
Ramachandran plot (%)
Most favored 90.1
Allowed 9.4

Rmerge ¼ RhRi|Ihi � <Ih>|/RhRiIhi, where Ihi is the observa-
tion of the reflection h, and <Ih> is the mean intensity of
reflection h.
Rfactor ¼ R||Fo| � |Fc||/|Fo|. Rfree was calculated with a set of
randomly selected reflections (5%).
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Dimer formation

Two copies of the protein are present in the asymmet-

ric unit related by a two-fold symmetry axis, suggest-

ing that the protein exists in a dimeric form. The

dimerization occurs via antiparallel alignment of the

central b-domain of each monomer (not shown).

Dimerization is stabilized by eight hydrogen bonds.

The b-strand pairing creates an extended intersubunit

b sandwich. The interacting surface of the two mono-

mers represents only 3.2% of the total solvent-accessi-

ble surface of the protein. These values are rather low

when compared with surface areas identified in well-

characterized homodimers.10 Analytical gel filtration

experiments showed that pT26-6p is present as a

Figure 2. Structure of pT26-2-6: (a) Topology diagram of pT26-6p. The repeated b-sandwich domains are colored blue and

green and the helical bundle pink. The N-terminal helical peptide is in deep blue and the helical insertion in the fist sandwich

domain in yellow. (b) Superposition of the two b-sandwich domains. (c) Cartoon stereo view representation using the same

color scheme as (a) conserved residues are colored in red, some of them are labeled. (d) Surface representation of conserved

residues (in red).
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monomer in solution (not shown). We, therefore, sug-

gest that the dimer observed in the structure is

induced by the crystallization conditions.

pT26-6p homologues

Using the MSD-SSM server (http://www.ebi.ac.uk/

msd-srv/ssm/), we were unable to identify close struc-

tural analogues for any of the domains. In absence of

clear structural analogues, amino acid conservation

features may give some hints on broad biochemical

function (nucleic acid binding, membrane association,

active sites, etc.). We therefore analyzed sequence con-

servation mapped on the 3D-structure of pT26-6p.

pT26-6p represents one of the best conserved ORFs

from the integrated elements in genomes of Thermo-

coccales and Methanococcales, sharing 22% sequence

identity on average with its homologues encoded by

the mobile elements previously described. Figure S1

(Supporting Information) shows the sequence align-

ment of pT26-6p homologues with the superposed sec-

ondary structure elements retrieved from the pT26-6p

crystal structure. The majority of the well-conserved

residues is hydrophobic and is important for maintain-

ing the protein fold. A considerable amount of con-

served hydrophobic and hydrophilic residues are found

at the interfaces between the three domains [Fig. 2(c,d)].

This suggests that residue conservation of pT26-6p has

endeavored the maintenance of an elongated shape.

Materials and Methods

Cloning, expression, and purification

The coding sequence of pT26-6p deleted by 146 resi-

dues at the N- and 78 residues at the C-terminal

(DN147–DC671) was amplified by PCR from cDNA.

The cDNA was cloned in a pDEST30a plasmid.

Expression was done at 37�C using the E. coli Rosetta

(DE3) pLysS strain and the 2xYT medium (BIO 101

Inc.). When the cell culture reached an OD600 nm of

0.8, induction at 37�C was performed during 3 h with

0.5 mM IPTG (Sigma). Cells were harvested by centrif-

ugation and resuspended in buffer A (20 mM tris Tris-

HCl pH 7.5, 200 mM NaCl, 5 mM b-mercaptoethanol).

Cell lysis was completed by sonication and the lysate

was heated at 20 min at 70�C before centrifugation at

20,000 rpm for 20 min. The soluble fraction was

loaded on a NiNTA column (Qiagen Inc.) equilibrated

with buffer A. The protein was eluted with imidazole

and subsequently loaded on a Superdex200 column

(Amersham Pharmacia Biotech) equilibrated against

buffer A supplemented with 10 mM b-mercaptoetha-

nol. Selenomethionine substituted protein was pro-

duced and purified as the native protein. The homoge-

neity of the protein samples was checked by SDS-PAGE.

Structure resolution
Crystals of SeMet substituted pT26-6p were grown

from a 1:1 lL mixture of protein (14 mg/mL) with 1.5–

2M (NH4)2SO4, 0.025M KH2PO4, 8% PEG 8000, 10–

16% MPD, using the hanging drop vapor diffusion

method at 23�C. Crystals were soaked in a mixture of

mother liquor and 20% MPD before flash freezing at

100 K. X-ray diffraction data were collected from a

crystal of the SeMet substituted pT26-2-6 on beamline

ID23-1 (ESRF) at the wavelength of the Se K-edge.

The crystals belong to the P65 space group with two

copies per asymmetric unit, corresponding to a 65.6%

solvent content. Data were collected at a resolution of

2.6Å and processed with the program XDS 11 and

SCALA 12 for merging and scaling. The structure was

solved using the SAD method using diffraction data

collected at 2.6Å resolution from SeMet-substituted

crystals. Twenty two Selenium atom sites were found

with the program SHELXD 13 in the 20–3.5Å resolu-

tion range. These sites were used for phasing with the

program SOLVE 14. After solvent flattening with the

program RESOLVE,15 the quality of the electron den-

sity map allowed automated construction of 70% of

the model. The missing residues were built by hand

using O 16 molecular graphics program and the model

was refined with REFMAC.17

Conclusions

The crystal structure of the pT26-6p protein encoded

by a Thermococcus plasmid shows that it consists of

three domains, with unexpected fold duplication for

the two N-terminal domains. The pT26-6p protein has

an elongated shape, stabilized by inter domain interac-

tions. None of the three domains has structural ana-

logues in the data base and therefore their 3D-struc-

ture does not suggest a biochemical function. pT26-6p

is frequently juxtaposed to pT26-5p encoding a large

putative membrane associated protein of unknown

function. Experiments are underway to determine if

pT26-5p and pT26-6p physically interact.

The proteins pT26-5p and pT26-6p are systemati-

cally present in a new family of mobile elements (plas-

mids and/or viruses) detected in two closely related

archaeal orders (Thermococcales and Methanococ-

cales). They have no sequence similarities with other

proteins and can, therefore, be considered as typical

plasmid/viral specific. In this work, we failed also to

detect cellular homologues to pT26-6p by structural

similarity. This supports the hypothesis that viruses

and plasmids might represent a reservoir of new folds

for structural genomic studies. Of course, one cannot

conclude from a single example, but previous struc-

tural and phylogenetic analyses of other viral specific

proteins suggests that these proteins indeed contain

also unique folds that are not present in cellular pro-

teins (reviewed in Refs. 1,3). It would be important

now to accumulate more examples to generalize (or

not) these preliminary observations.

Coordinates

Coordinates and structure factors have been deposited

in the Protein Data Bank with the accession code 2WB7.
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