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Summary. Ubiquitin, a protein widely conserved in eukaryotes, is involved in many cellular processes, including proteo-
lysis. While sequences encoding ubiquitin-like proteins have not been identified in prokaryotic genomes sequenced so far,
they have revealed the presence of structural and functional homologs of ubiquitin in Bacteria and Archaea. This work
describes the amplification and proteomic analysis of a 400-bp DNA fragment from the haloalkaliphilic archaeon Natrialba
magadii. The encoded polypeptide, P400, displayed structural homology to ubiquitin-like proteins such as those of the ThiS
family and Urm1. Expression of the P400 DNA sequence in Escherichia coli cells yielded a recombinant polypeptide that
reacted with anti-ubiquitin antibodies. In addition, a putative open reading frame encoding P400 was identified in the recent-
ly sequenced genome of N. magadii. Together, these results evidence the presence in Archaea of structural homologs of ubig-

uitin-related proteins. [Int Microbiol 2009; 12(3):167-173]
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Introduction

The roles of most genes from Archaea are unknown and are
often predicted only on the basis of sequence alignments.
Many archaeal genes and functions are shared with Bacteria,
as shown by recent studies [11,15]. However, sequence sim-
ilarity between an archaeal protein and its functionally char-
acterized homolog is usually too low to be detected by com-
putational methods [28,40]. Thus, the roles of many proteins
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from these microorganisms remain unknown. Recently, tran-
scriptomic and proteomic studies of the haloarchaea
Halobacterium salinarum, Haloferax volcanii, and Natrono-
monas pharaonis [4,23,44] have provided relevant advances
in understanding gene and protein control mechanisms, but
not in identifying orthologs for most archaeal proteins. For
this purpose, folding assessment of proteins encoded by the
genomes of diverse organismsis useful [29,46]. Also, efforts
in the structural genomicsfield, including novel bioinformat-
ics tools, protein crystallization, and structure determina
tions, have yielded significant insights into protein function
[21,43].

Ubiquitin has important functions in several processes
within eukaryotic cells, the most relevant being the targeting
of protein substrates destined for degradation into the protea-
some [17]. Although widely conserved in eukaryotes, ubi-
quitin has not been identified in the prokaryotic genomes so
far sequenced, even though archaea have afunctional protea-
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some for protein degradation. However, several proteins
from prokaryotes and eukaryotes share the ubiquitin fold,
despite their low amino acid sequence identities [20,48].
These proteins, known as ubiquitin-like proteins (Ubls), have
a pB-grasp fold and are often endowed with similar roles. For
instance, although not related to proteolysis, some of them
bind covalently to other proteins through a mechanism medi-
ated by activating enzymes. These proteins are considered as
putative ancestors of ubiquitin, providing further evidence
that a simple and stable fold was used by proteinsinvolved in
awide variety of biological processes [13,18,20,48].

Among the eukaryotic proteinsthat share folding and par-
tial primary sequence identity with ubiquitin are: SUMO
(small ubiquitin modifier), RUB1 (related to ubiquitin 1,
named NEDD8 in mammals), and I1SG15 (interferon-stimu-
lated gene) [18]. In addition, Apgl2 and Urml (ubiquitin-
related modifier 1 of yeast) show structural homology to
ubiquitin [13]. It is noteworthy that these proteins belong to
different protein conjugation systems in eukaryotes and are
considered functional homologs of ubiquitin [16,18].

In prokaryotes, ThiS and MoaD display structural and
functional characteristics resembling those of ubiquitin, but
they share low sequence identity with the protein (14 and 7%,
respectively) [5,18,36,48]. ThiS is a sulfide carrier protein
engaged in thiamine biosynthesis, and its activation by the
enzyme ThiF is similar to the activation of ubiquitin by E1
[48]. In addition, the primary sequence of ThiF resembles
that of E1. Therefore, ThiS and ThiF have been proposed as
bacterial ancestors of the ubiquitin pathway. MoaD, the small
subunit of the molybdopterin synthase that is also present in
archaea, shares the ubiquitin fold [36]. The yeast Urm1 pro-
tein is similar to MoaD and ThiS, but not to ubiquitin.
However, Urml is considered to be a functional homolog of
ubiquitin based on the thioester linkage between its C-termi-
nal Gly and the E1-like protein Uba4 [48]. Therefore, Urml
has been proposed as a molecular fossil, providing the evolu-
tionary bridge between the protein conjugation ThiS-ThiF of
bacteria and the protein ubiquitination of eukaryotes [48].
According to these findings, a bicinformatic work has sug-
gested the existence of a bacterial counterpart of Urml
[Scheel H et a. (2005) FEBS Journa 272 (s1) B2 024P].
Recently, prokaryotic sequences that might be functional
homol ogs to ubiquitin have been found also by computation-
al methods [5,20]. The bacterial protein YukD from Bacillus
subtilis was identified by van den Ent and Lowe [45]. YukD
adopts a ubiquitin-like fold but has a shorter C-terminal tail
that ends before the conserved double-glycine motif of pro-
teins belonging to the ubiquitin superfamily. Experimental
data showed that YukD cannot form covaent bonds with
other proteins.

We previously detected proteins that react with anti-
ubiquitin antibodies in several haloalkaliphilic archaea [31].
In the present work, we amplified a 400-bp DNA fragment
from the haloalkaliphilic archacon Natrialba magadii. This
fragment encodes a polypeptide, P400, that shares structural
homology to ubiquitin and the ubiquitin-like proteins ThiS,
MoaD, and Urml. Protein sequence alignments showed the
conservation of several structurally and functionally relevant
amino acid residues among these proteins. In addition, the
recombinant polypeptide synthesized in Escherichia coli
cells crossreacted with anti-ubiquitin antibodies, demon-
strating the existence of structural homologs to ubiquitin in
hal oarchaea.

Materials and methods

Biological material. The haloalkaliphilic archaeon Natrialba magadii,
ATCC 43099, was grown in the culture medium described by Tindall et al.
[42], except that casamino acids were replaced by yeast extract (20 g/l). The
cellswere grown at 37°C under oxic conditions and constant agitation at 150
rpm. Growth was measured by the optical density at 600 nm (ODy,).

Amplification by PCR. Natrialba magadii genomic DNA was extract-
ed according to the method of Ng et al. [32]. The oligonucleotides used as
primers were designed based on the alignment of conserved ubiquitin
sequences from the eukaryotes Saccharomyces cereviciae, Homo sapiens,
Tetrahymena pyriformis, Trypanosoma cruz, Dictyostelium discoideum, and
Homarus americanus [38,49], and that described for the cyanobacterium
Anabaena variabilis [10]. The sense primer (1) was 5-CAGATCTTCGT
CAAGACCCTCAC-3', and the antisense primer (I1) 5-GACTCCTTCTG
GATGTTGTAGTC-3". The third nucleotide from the codon corresponding
to each amino acid was selected taking into account the codon usage table
for halophilic archaea [47].

Sunflower or potato leaf genomic DNA was used as the positive control
and sterile water as the negative control of the amplification reactions. The
reaction mixture contained N. magadii genomic DNA, 100-200 ng; 1x PCR
buffer; 200 uM dNTPs; 1.5 mM MgCl,; 1 uM of each primer; 1.5 U Taq
DNA polymerase, in afina volume of 25 pl. The PCR program was the fol-
lowing: 94°C, 2 min, 1 cycle; 94°C, 1 min; 47°C, 1 min; 72°C, 2 min, for 30
cycles. The amplification products were separated by agarose gel elec-
trophoresis (1.8% wi/v), purified using the QIA Quick gel extraction kit
(Qiagen, Valencia, CA, USA), and cloned into pGEM-T Easy Vector
System | (Promega, Madison, WI, USA), according to the manufacturer’s
specifications. E. coli XL-Blue competent cells were transformed with the
ligation products and plated onto LB medium containing 100 ug ampi-
cillin/ml, 2% (v/v) X-ga, and 0.1 M IPTG White colonies were chosen at
random to verify the presence of inserts with colony-PCR using universal
M 13 forward and reverse primers. Plasmid DNA was isolated using Qiagen-
tip100 columns (Qiagen) and sequenced.

Bioinformatic analysis. The search for protein sequence homology
was done with Psi-BLAST [http://www.ncbi.nlm.nih.gov/BLAST/].
Secondary structure prediction was calculated with Psipred [6], Prof [35]
and JPred 3 [7]. An aignment of Swiss-Prot true-positive hits of ubiquitin 2
formed by 365 sequences (prosite, PS50053 [19]) was used to aign our
sequence to that of the profile obtained with ClustalX [24]. Fina adjust-
ments were manually done. Several fold-recognition methods were tested
through the BiolnfoBank metaserver [14]. A model was generated with
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Modeller [37] and its stereochemical quality checked with Procheck [25]
and verify3D [27], and by superposition with its own template structure. The
model was superposed with human ubiquitin (protein data bank (pdb) code:
1ubq) using the combinatorial extension method [39]. Databases SCOP [1],
CATH [34], Pfam [2], PDB [3], and PDBSum [26] were also used.

Heterologous expression, purification, and renaturaliza-
tion of P400. The P400 DNA fragment was PCR-amplified from N.
magadii genomic DNA, digested with BamHI and Hindlll, cloned into the
expression vector pET24b(+) (Novagen, Madison, WI, USA), and digested
with the same enzymes. The resulting construct, pET24b-p400, was trans-
formed into E. coli Rosetta (DE3) competent cells, plated onto LB plates
containing 50 pg kanamycin/ml and 25 pg chloramphenicol/ml, and incu-
bated at 37°C overnight. Positive clones were verified for the presence of the
400-bp fragment by colony-PCR using the sense primer (lll) 5-GCG
GATCCAGATCTTCGTCAAA-3" and the antisense primer (V) 5-T
TAAGCTTGATCTTCGTGAAGA-3'. E. coli Rosetta (DE3) cells harboring
PET24b-p400 were grown in LB medium containing the above-mentioned
antibiotics to an ODy,, of 0.5. P400 expression was induced by the addition
of 0.5 mM IPTG for 3 h at 37°C. The cells were harvested by centrifugation
and cell extracts were obtained by sonication followed by centrifugation at
3000 xg for 15 min. As the recombinant peptide was found in the inclusion
bodies, it wasresuspended in 0.1 M Tris-HCI (pH 7.5) containing 6 M guani-
dine-HCl and 0.5 M NaCl. The recombinant P400 protein, containing a His6
tail in its C-terminus, was purified by affinity chromatography using Ni*
columns (Ni-NTA Purification System; Invitrogen, Carlsbad, CA, USA)
under denaturing conditions as recommended by the manufacturer.
Refolding of the purified P400-His6 was carried out by dialysis in 0.1 M
Tris-HCI (pH 7.5) containing 2 M KClI at 4°C for 16 h. The protein was then
concentrated by Centricon YM 10 (Millipore, Billerica, MA, USA) and
stored at —20°C.

SDS-PAGE and Western blot assays. Protein concentration was
determined by the bicinchoninic acid method [41] using bovine serum albu-
min as standard. Semi-denaturing SDS-PAGE was carried out under non-
reducing conditions and without boiling the samples. Purified and renatured
recombinant P400 (4 ng) was loaded on a semi-denaturing polyacrylamide
gel (12%). After electrophoresis, the separated proteins were transferred to
PVDF membranes and subjected to Western blotting by standard protocols
using 1:100 rabbit anti-ubiquitin primary antibody (Sigma, St. Louis, MO,
USA), as described before [31]. The immunoreactive band was visualized
after incubation with alkaline-phosphatase-conjugated secondary antibody
(1:10,000), using NBT (nitrobl ue tetrasolium) and BCIP (5-bromo-4-chloro-
3-indolyl phosphate disodium salt). Additionally, dot-blot assays with the
refolded purified protein were done under native conditions. A similar pro-
tocol as that described for the Western blot assays was used to detect the
reactive spots.

Results and Discussion

Although computational searches among the archaeal
genomes sequences have not shown the existence of ubiquitin
homologs, our previous results provided evidence of proteins
that react with anti-ubiquitin antibodies in haloakaliphilic
archaea [31]. These findings led us to further search for the
genes encoding these proteins by PCR. Oligonucleotide
primers were designed by aligning several ubiquitin
sequences from eukaryotes and the sequence described for
the cyanobacterium Anabaena variabilis [10,38,49].
Amplification of genomic DNA from N. magadii yielded

200-, 300-, and 400-bp products. The presence of the 200-
and 400-bp fragments was encouraging since ubiquitin is
encoded as repeating units (polyubiquitin). The 400-bp frag-
ment contained an open reading frame (ORF) with no stop
codon that was translated and used in a homol og search with
the BLAST suite of programs. However, this search gave no
hits with any known protein at either the DNA or the amino
acid level.

As mentioned above, proteins having no significant
amino acid sequence similarity can nonetheless share the
same fold and, sometimes, the same function. Several pro-
teins with structural homology but no sequence identity to
ubiquitin have been described [20,36,45,48]. Based on these
findings, and considering the structural nature of antigen-
antibody interactions, we explored the possibility of shape
homology between the P400 polypeptide and ubiquitin.
Therefore, the secondary and tertiary structures of P400 were
analyzed using the programs described in Materials and
methods. Computational results strongly supported the
hypothesis that P400 has an o/f fold with all the elements of
secondary structure that define a B-grasp (ubiquitin-like)
fold. The ThiS family of prokaryotic proteins (E. coli ThiS
and molybdopterin converting factor subunit 1 and Metha-
nothermobacter thermoautotrophicus hypothetical protein
Mth1743), the Bacillus subtilis protein YukD, yeast Urml,
and other proteins belonging to eukaryotic conjugation sys-
tems share this same fold [13,45]. Furthermore, the ubiquitin
of Homo sapiens, the ubiquitin-like protein NEDD8 of Mus
musculus, and RUB1 of Arabidopsis thaliana aso include a
B-grasp fold [18].

The secondary structure of the P400 polypeptide was pre-
dicted using Psi-Pred, Prof and JPred (see Materials and
methods). These programs showed an almost perfect coinci-
dencein their prediction of the secondary structure elements
of P400 and the topology of ubiquitin. Minor differences
between the predictors were not surprising as al the pro-
grams use a single sequence for the calculation instead of a
profile derived from a multiple sequence analysis (MSA);
this procedure notably lowers the program’s accuracy.
Although the fold-recognition methods failed to assign afold
to P400 sequence, the secondary structure prediction from
JPred and Prof (and from PsiPred, setting aside the three
extra helices predicted) was compatible with a ubiquitin-like
or B-grasp fold. To further test this possibility, a homology
model was constructed with Modeller [37], using the human
ubiquitin high-resolution structure 1UBQ.pdb as template.
1UBQ.pdb shares a 13.7% sequence identity with P400 (Fig. 1);
however, despite the low sequence identity between the
superfamily members, an alignment of Swiss-Prot true-posi-
tive hits of ubiquitin 2 formed by 365 sequences (prosite,
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Fig. 1. (A) Structural alignment between 1UBQ and the modeled P400. Secondary structure elements are indicated as lines above and below each sequence:
Full line: B chain; dashed line: a helix; dotted line: 3,, Helix. (B) Ribbon representation of the superimposed structures 1UBQ and P400; black 1UBQ. pdb;
gray P400 (13 N-terminal and 16 C-terminal unstructured residues of P400 were removed as they were not model ed).

PS50053) was the profile to which our sequence was aligned
using Clustal X (see Materials and methods).

Although there are many structures to be chosen as tem-
platesin the B-grasp fold (SCOP) classification, the one from
the nearest taxonomic system/organism example is the
MoaD/ThiS superfamily, which includes crystallized pro-
teins from the archaea representatives Pyrococcus furiosus
and Methanobacterium thermoalcaliphilum. However, we
used atypical, well-characterized representative of the B-grasp
fold (1UBQ) as the modeling template because there was no
significant improvement either in sequence identity or in
structure correctness when other, more poorly defined or less
characterized proteins were used. The model obtained
assigned 89.3% of the residues to the preferably region,
10.7% to the allow region, 0.0% to the generoudly alow
region, and 0.0% in the disallowed regions in the

Ramachandran plot. In addition, no negative values were
found using the program verify3D. Also, adeviation of 1.2 A
rmsd (root-mean-square distance) between the model and the
template structure was obtained in the superposed zones
(aligned/gap positions = 73/25) (see Fig. 1B). The structure
in our proposed model has both an N-terminal and a C-termi-
nal tail, with no secondary structure elements of 13 and 16
amino acid residues, respectively. Thisisarelevant fact when
the ubiquitin-like structures available in the PDB database
are examined. Moreover, thisfold admits enormous variation
in secondary structure elements as well as tail and loop
boundaries, while preserving the characteristic topology. For
example, the N-terminal ubiquitin-like domain of mouse
ubiquitin-specific protease 14 (USP14) (pdb code 1WGG)
has a 21-residue C-terminal tail; the small ubiquitin-related
modifier SUMO-12AWT (pdb code 1A5R) and the ubiqui-
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Fig. 2. Renatured recombinant peptide PA00 immunodetected §
by anti-ubiquitin antibody. (A) Semi-denaturing SDS-PAGE. =
(B) Western blot assay of P400 using anti-ubiquitin antibody. E

tin-like domain in mouse ubiquitin-like protein SB132 (pdb
code 1X1M) have N-terminal tailsthat are 20 and 16 residues
long, respectively. Structures with very different loop regions
are also common. The novel identified ubiquitin-like domain
in the human hypothetical protein FLJ35834 (pdb code
2DAF) ismade up of 116 residues and has a C- and N-termi-
nal unstructured region of 16 and 29 residues, respectively
(Zhao C, et al. Solution structure of the novel identified
ubiquitin-like domain in the human hypothetical protein
FLJ35834; to be published [http://mwww.pdb.org/pdbl]).

It should also be noted that many halophilic proteins are
longer than their non-halophilic homologs [12]. Thus, ferre-
doxin 2Fe-2S of Haloarcula marismortui has homology with
plant ferredoxins, but contains an extension of 30 amino acids
in its amino terminus. This extension formstwo a-heliceswith
a negative charge that confers more solvation to the protein
than is the case for the ferredoxins of non-halophilic organ-
isms. Another halophilic protein with an amino acid exten-
sion is the serine protease halolysin, from the archaea
Natrialba asiatica strain 172P1 and N. magadii. Thisenzyme
has a long C-terminal extension of nearly 120 amino acids
that is not present in other serine proteases from non-
halophilic organisms [8,22]. Together, these considerations
led us to conclude that a ubiquitin-like fold can be assigned
to P400.

To further confirm the potential relationship between
P400 and the ubiquitin superfamily, the PA00 DNA fragment
was expressed in E. coli cells. The recombinant peptide was
refolded by severa protocols [9] and detected with anti-ubi-
quitin antibodies. Following dilution of the peptide with
either 3M KCl or 3M NaCl at 4 and 18°C, it reacted to alow
extent with the anti-ubiquitin antibody, suggesting that its
refolding was not complete (not shown). Since the cytoplasm
of hal oarchaea contains a high concentration of KCl, the pep-
tide was dialyzed against 2 M KCI. As expected, P400 was
subsequently detected by anti-ubiquitin antibodies in
Western blots (Fig. 2) and in dot blots carried out under
native conditions. As seen following SDS-PAGE, P400 dis-
played a relative mass (24 kDa) higher than its predicted

molecular mass (14 kDa), which is a common feature of cer-
tain ubiquitin-like proteins and many haloarchaeal proteins
[33]. Therefore, this result supports the data gained by bioin-
formatic analysis suggesting that P400 adopts a ubiquitin-
like fold.

The alignment between P400 and representative proteins
with a known 3D structure of the ThiS family showed three
contiguous identical amino acid residues, Asp53-Gly54-
Asp55 (ThiS numbering) (Fig. 3). The yeast protein Urmi,
proposed as a molecular fossil of the ubiquitin system, was
included in the comparison since it is a homolog in sequence
and structure to ThiS[13]. The alignment of P400 with ThiS
and Urm1 showed that they shared these three contiguous
identical residues. In ThiS and Urml, these residues are
found in aloop connecting the a-helix with the E B-sheet, the
two last elements of the proteins secondary structure. This
accessible position, besides its invariability in different life
domains, suggests that it plays a major functional role, albeit
one that has not yet been described. Moreover, the sequence
DGD (Asp-Gly-Asp) insde the BM-motif of the murine phos-
phoadenosine phosphosulfate (PAPS) synthetase might be nec-
essary to preserve the kinase activity of the enzyme [40].

The analysis reported by Bienkowska et a. [5] included
four prokaryotic sequences that have conserved the functiona
features of ubiquitin (TVNO0569, AFO737, MTH1743, and
Aq_0253). Thus, the authors proposed that the four proteins
are distant homologs to ubiquitin. The alignment between
P400 and these proteins showed that they have several com-
mon amino acids, and that the sequence Asp-Gly-Asp, shared
between P400 and the ThiS family and Urmi, is conserved
although with replacement of the first Asp by Glu, a conser-
vative modification (data not shown). Alignments between
different ubiquitin-like proteins reported in the literature also
identified these shared residues [5,45].

Ubiquitin and proteins belonging to the ubiquitin family,
such as ThiS family proteins, have two Gly residues in the
carboxyl terminus that are necessary for the activation of
these proteins by specific enzymes. These terminal Gly
residues are not present in P400 nor have they been found in
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Fig. 3. ClustalW sequences alignment of ThiS, MoaD, and P400. Designations: 1f0z_A, the ThiS protein of E. coli, chain A; 1fm0_d, molybdopterin con-

verting factor, subunit 1 of E. coli, chain D.

other several ubiquitin homologs, including YukD [45]. (For
details, see the Pfam [2] and Homstrad [30] alignments,
PF00240 and UBQ families, respectively.)

Direct evidence showing that P400 reacts with anti-ubig-
uitin antibodies, together with the data from the in silico
analysis, suggests that P400 is structurally related to ubiqui-
tin-like proteins. Note that the immunoreactive protein bands
previously detected in several haloarchaea strains are
induced under conditions of accelerated proteolysis, whichis
a common response of the ubiquitin system for protein con-
jugation [31]. This fact leads us to speculate that PA00 is part
of a conjugation system within a proteolytic route, such as
that mediated by ubiquitin in eukaryotic organisms. The par-
ticipation of a ubiquitin-like protein from Mycobacterium
tuberculosis in the proteasome pathway isin agreement with
this hypothesis [33]. Moreover, the M. tuberculosis protein
not only does not show significant sequence identity with
ubiquitin, but makes use of a chemistry distinct from that of
ubiquitin to modify proteins.

The presence of a DNA sequence potentially encoding
P400 (gi 224819784) was identified in N. magadii, whose
genomic sequence has been recently determined. This find-
ing encourages our future investigations into the occurrence
of P400 in N. magadii cells. Indeed, this information will
greatly contribute to future experimental and computational
work, and thus to advances in identifying and characterizing
the P400 protein.
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