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Background: Modification of proteins by ubiquitin (Ub) and ubiquitin-like proteins (Ubls) is essential in eukaryotes.

Results: Proteins for tRNA-thiouridine synthesis and other proteins are modified by a bacterial Ubl in Thermus thermophilus.
Conclusion: The existence of a Ub/Ubl homologous conjugation system in Bacteria is demonstrated.

Significance: This suggests an ancient origin of the eukaryotic Ub/Ubl system.

Posttranslational modification of proteins with ubiquitin and
ubiquitin-like proteins plays important regulatory roles in
eukaryotes. Although a homologous conjugation system has
recently been reported in Archaea, there is no similar report in
Bacteria. This report describes the identification of a ubiquitin-
like conjugation system in the bacterium Thermus thermophi-
lus. A series of in vivo analyses revealed that TtuB, a bacterial
ubiquitin-like protein that functions as a sulfur carrier in tRNA
thiouridine synthesis, was covalently attached to target pro-
teins, most likely via its C-terminal glycine. The involvement of
the ubiquitin-activating enzyme-like protein TtuC in conjugate
formation and the attachments of TtuB to TtuC and TtuA,
which are proteins required for tRNA thiouridine synthesis,
were demonstrated. Mass spectrometry analysis revealed that
lysine residues (Lys-137/Lys-226/Lys-229) of TtuA were cova-
lently modified by the C-terminal carboxylate of TtuB. Intrigu-
ingly, a deletion mutant of a JAMM (JAB1/MPN/Mov34 met-
alloenzyme) ubiquitin isopeptidase homolog showed aberrant
TtuB conjugates of TtuC and TtuA and an ~50% decrease in
thiouridine amounts in tRNA. These results would support the
hypothesis that thiouridine synthesis is regulated by TtuB-
conjugation.

Ubiquitin (Ub)? and ubiquitin-like proteins (Ubls) are pro-
tein modifiers with important roles in proteolysis and the reg-
ulation of diverse processes in eukaryotes (1). The breakdown
of the Ub/Ubl system is often associated with the development
of various diseases. In the first step of conjugation to target
proteins, the conserved C-terminal glycine of Ub/Ubl is acyl-
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adenylated by an activating enzyme (E1) and covalently linked
to a cysteine residue of E1 to form a Ub/UbI-E1 thioester inter-
mediate. The activated Ub/Ubl is next transferred to a conju-
gating enzyme (E2). Finally, Ub/Ubl is attached to a lysine res-
idue in the target protein by a ligase (E3) (1).

Proteins homologous to eukaryotic Ub/Ubl and Els exist in
almost all members of Bacteria and Archaea (2) (supplemental
Fig. S1). Earlier works established that these proteins in bacteria
function in the biosynthesis of sulfur compounds such as
molybdenum cofactor, thiamine, and tRNA-thiouridine (3).
Bacterial Ubls are adenylated by cognate E1 homologs, subse-
quently bind activated sulfur at their C termini, and finally work
as sulfur donors (4—8). These findings imply an evolutionary
link between the eukaryotic Ub/Ubl system and the bacterial
sulfur transfer reaction (1). Although prokaryotic Ubls have
long been believed to function as sulfur carriers in the biosyn-
thesis of sulfur compounds and not as protein modifiers, it was
reported recently that the small archaeal modifier proteins
(SAMPs) 1 and 2 are conjugated to proteins in an archaeon,
Haloferax volcanii (9). SAMP1 seems to function in part as a
targeting tag to the proteasome (9). SAMPs are activated by the
E1-like UbaA and also function as sulfur carriers in tRNA thio-
lation and molybdenum cofactor synthesis (10). In eukaryotes,
the Ub-related modifier Urm1 is thought to be the most ancient
Ubl (11, 12). Together with Uba4 (E1-like enzyme for Urm1),
these proteins are closely related to prokaryotic sulfur carriers
and E1-like proteins (supplemental Fig. S1). Indeed, Urm1 acts
as a sulfur carrier for thiouridine synthesis in tRNA (13-18).

Although bacterial Ubls have not been reported as protein
modifiers, actinobacteria can modify proteins by a small pro-
tein modifier termed prokaryotic ubiquitin-like protein (Pup),
which can target proteins for degradation by proteasomes (19,
20). Pup is an intrinsically disordered protein (21, 22), in con-
trast to the ordered 3-grasp fold of Ub/Ubls. This study focused
on investigating whether a bacterial Ubl can function as a pro-
tein modifier in the bacterium Thermus thermophilus.

2-Thioribothymidine (s®T), a 2-thiolated derivative of
5-methyluridine (ribothymidine (rT)), is found at position 54 in
almost all tRNAs from several thermophiles, such as T. thermo-
philus and Pyrococcus furiosus (23, 24). The 2-thiolation con-
tent of r'T54 increases with cultivation temperature (24, 25).
Thiolation is assumed to increase the thermal stability of the
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tRNA and increase its translation efficiency at high tempera-
tures (25, 26). Prior work from our group identified proteins
required for tRNA thiolation in 7. thermophilus, including cys-
teine desulfurases, TtuA, TtuB, and TtuC, and the reaction was
reconstituted in vitro (Fig. 1A) (27-29). C-terminal Gly (Gly-
65) of TtuB is acyl-adenylated by TtuC and is then thiocarboxy-
lated by cysteine desulfurases. The sulfur atom of thiocarboxy-
lated TtuB is transferred to tRNA by TtuA. Homology
modeling suggested that TtuB possesses a Ub/B-grasp fold
(supplemental Fig. S1B), although the sequence similarity with
eukaryotic Ub/Ubls is limited to the area around the C-terminal
glycines (supplemental Fig. S1A). TtuC shows significant
sequence homology with the adenylation domain of eukaryotic
Els (supplemental Fig. S1C). Interestingly, TtuC has a Cys-192
that corresponds to the “catalytic Cys” of E1, and the TtuB-Gly-
65 ~ TtuC-Cys-192 thioester that was formed in vitro (Fig. 1A4)
(29) was similar to the Ub/Ubl~E1 thioester formed in the first
step of Ub/Ubl conjugation (1). These findings suggest that
there exist Ub/Ubl homologous conjugation systems also in
Bacteria.

In this paper, the modification of cellular proteins by TtuB in
the bacterium T. thermophilus was demonstrated. In vivo anal-
yses were used to examine the mechanism of TtuB conjugation
and its functions, and the evolutionary implications for the
eukaryotic Ub/Ubl system are discussed.

EXPERIMENTAL PROCEDURES

Strains and Media—The strains used were T. thermophilus
HB27 (wild-type), NS2710 (AttuA) (28), NS2720 (AttuB) (28),
NS2730 (AttuC) (29), NS2715 (AttuB-ttuA, see below), and
NS2740 (Attc1133, see below). These strains were cultured in
rich and minimal media (30) at 70 °C unless otherwise stated.
For selection, 30 mg/liter kanamycin and 10 mg/liter bleomycin
were used.

Antibodies—N-terminal Hisg-tagged TtuA, TtuB, and TtuC
were overexpressed in E. coli Rosetta (DE3), purified by Ni**
resin, and the His,-tags were removed (29). The proteins were
used to immunize rabbits and to purify the antibodies (Operon
biotechnologies).

Immunoblotting—Late-log phase cells were used unless oth-
erwise stated. Cells were sonicated in H buffer (50 mm HEPES-
KOH (pH 7.6), 10 mm KCl, 10 mm MgCl,, 1 mm dithiothreitol,
and 0.3 mM phenylmethylsulfonyl fluoride), and cell debris was
removed by centrifugation (20,000 X g for 15 min). Protein
concentrations were determined with the Bio-Rad protein
assay kit with bovine serum albumin as a standard. Lysate was
mixed with equal volume of 2X loading buffer (125 mm Tris-
HCI (pH 6.8), 2.1% SDS, 0.7 M B-mercaptoethanol, 0.02% bro-
mphenol blue, and 20% glycerol) and incubated at 95 °C for 5
min. Samples were separated by SDS-PAGE (10-20% gel,
Wako) and electroblotted to a polyvinylidene fluoride mem-
brane (iBlot, Invitrogen). Primary antibodies (0.7 ug/ml),
horseradish peroxidase-conjugated anti-rabbit IgG antibody
(1:2000 dilution, TrueBlot, eBioscience), and ECL plus reagent
(GE Healthcare) were used for detection. Ponceau S staining of
the membranes was used to confirm equivalent protein loading
in each lane.
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Immunoprecipitation—Lysates were prepared as described
above with T buffer (20 mm Tris-HCI (pH 7.6), 150 mm KCl, and
1 mm EDTA), supplemented with 1% Nonidet P-40 and com-
plete protease inhibitors (Roche). Antibodies were cross-linked
on Dynabeads Protein G (Invitrogen) by dimethyl pimelimidate
(Pierce). Lysates (500 ug) were incubated with cross-linked
antibodies (5 pg anti-TtuA or 10 ug anti-TtuC) at 4 °C for 1 h.
After the beads were washed three times, the immunoprecipi-
tate was eluted with 30 ul of buffer (T buffer with 2% SDS for
TtuA, T buffer with 2% SDS and 2 M urea for TtuC). Immuno-
precipitates were resolved by SDS-PAGE and subjected to
Western blotting as described above.

Analysis of the Conjugation Site by Mass Spectrometry—
Large-scale immunoprecipitation was performed essentially as
described above. Lysate was prepared from NS2715 (A¢tuB-
ttuA strain) harboring expression plasmid for TtuA and TtuB
(S63R). Lysate (5 mg) was immunoprecipitated with 0.1 mg of
cross-linked antibody for TtuA. The eluate was resolved by
SDS-PAGE. Proteins were visualized using Coomassie Brilliant
Blue R-250, and bands of interest were excised and subjected to
in-gel alkylation by iodoacetamide and tryptic digestion as
described previously (31). The digests were then analyzed by a
linear ion trap mass spectrometer (LTQ Orbitrap XL hybrid
mass spectrometer, Thermo Fisher Scientific) and equipped
with an electrospray ionization source and a splitless nano
HPLC system (DiNa, KYA Technologies) with an ODS capillary
column (100 X 0.15 mm, 3 wm particle size, KYA Technolo-
gies). The tryptic digests were separated in 0.1% formic acid in
water using a linear gradient from 2% to 80% of a solvent con-
sisting of 70% acetonitrile and 0.1% formic acid for 40 min at a
flow rate of 300 nl/min. Peptides were identified using the
MASCOT data base search engine (Matrix Science) and com-
pared with the T. thermophilus HB27 genome data base
(NC_005835 and NC_005838 on NCBI). Allowances in the
masses of theoretical tryptic peptides were made for dynamic
modifications with oxidized methionine (15.995 Da), carbam-
idomethylated cysteine (57.022 Da), and two glycines on lysine
(114.043 Da).

Complementation Experiments—An E. coli- Thermus shuttle
vector, pWUR112/77-1 (32), encoding resistance to bleomycin
(shble) was used. The Shine-Dalgarno sequence and the respec-
tive genes (ttuB or ttc1133) were cloned into the Kpnl/EcoRI
sites. Transcription from the PslpA promoter upstream of the
shble gene continues through the cloned genes, allowing their
expression. For the coexpression of TtuB and TtuA, a HindIII
site was introduced just after the EcoRI site of pWUR112/77-1
by site-directed mutagenesis (Stratagene). TtuB and ttuA with
the Shine-Dalgarno sequences were cloned into the Kpnl/
EcoRI sites and EcoRI/HindlII sites, respectively. Mutations
were introduced into wild-type constructs by site-directed
mutagenesis. Primers used are listed in the supplemental data.
The NS2720, NS2740, and NS2715 strains were transformed
with the pWUR-derived plasmids.

Construction of the AttuB-ttuA Strain and the Attc1133
Strain of T. thermophilus HB27—To construct the mutant
strains AttuB-ttuA (NS2715) and Attc1133 (NS2740), the
homologous recombination method was used (29). In NS2715,
the entire 1.2 kbp of the ttuB and ttuA genes was replaced by a

JOURNAL OF BIOLOGICAL CHEMISTRY 17569


http://www.jbc.org/cgi/content/full/M112.359844/DC1
http://www.jbc.org/cgi/content/full/M112.359844/DC1
http://www.jbc.org/cgi/content/full/M112.359844/DC1
http://www.jbc.org/cgi/content/full/M112.359844/DC1

Ubiquitin-like Protein Modifier in Bacteria

kanamycin resistance gene cassette. To construct the DNA
fragment for homologous recombination, the 5'- and 3'-flank-
ing regions (0.5 kbp) of the ttuB-ttuA ORFs were amplified
by PCR using the T. thermophilus HB27 genome as a template.
The htk cassette (kanamycin resistance gene) was amplified
from pUC18-pJHK3 (33). The primers used were ttuBA-5'-F
and ttuBA-5'-R, ttuBA-3'-F and ttuBA-3'-R, and htk-F
and htk-R. The resulting three fragments were ligated by a sec-
ond PCR with the ttuBA-5'-F and ttuBA-3'-R primers. The
ligated fragment was purified by agarose gel electrophoresis
and used for transformation. In NS2740, the core 0.3 kbp of the
ttc1133 gene was replaced by the 4tk cassette, and 0.1 kbp each
ofthe 5’ and 3’ ends of t£c1133 were kept unchanged so that the
flanking ORFs would not be damaged. To construct the DNA
fragment for homologous recombination, the 5'- and 3’-flank-
ing regions (0.5 kbp) of the tzc1133 ORF were amplified by PCR.
The primers used were ttc1133-5'-F and ttc1133-5'-R, and
ttc1133-3'-F and ttc1133-3'-R. The resulting two fragments
and the htk fragment were ligated by a second PCR with the
ttc1133-5'-F and ttc1133-3'-R primers, cloned into pCR-
BluntII-TOPO (Invitrogen), and sequenced. Primers used are
listed in the supplemental data. T. thermophilus HB27 was
transformed with the PCR fragment or the plasmid as described
previously (34), and the transformants were selected on rich
medium containing 300 mg/I kanamycin. Homologous recom-
bination was confirmed by PCR amplification of the target
region, followed by restriction enzyme digestion.

Analysis of tRNA Modification—Hydrolysates of tRNAs were
prepared and analyzed by an HPLC system with a photo diode
array detector (GL-Sciences) as described previously (29). The
amount of s>T was quantified by using pseudouridine as a
standard.

RESULTS

TtuB Forms Protein Conjugates in T. thermophilus—To ana-
lyze the TtuB-conjugates in T. thermophilus, cellular proteins
were resolved by SDS-PAGE and subjected to Western blotting
by a TtuB-specific antibody. Recombinant TtuB was detected
as a single band of ~13 kDa (Fig. 1B, lane 5), although its theo-
retical mass is 7.3 kDa. This band was assumed to be free TtuB,
considering that SUMOL1 (a Ubl) migrates more slowly than
expected (35). A series of bands in a ladder pattern was detected
in addition to free TtuB in the cell extract from the wild-type
strain cultured at 70 °C (Fig. 1B, lanes 1—4). Because samples
were denatured by SDS and reduced by B-mercaptoethanol,
these bands were assumed to correspond to covalent TtuB-
conjugates. Band intensities generally increased in correlation
with cell growth. Notably, the major bands were separated by
~13-kDa intervals, implying the possible formation of TtuB
polymers, although further experimentation is required to con-
firm this. Under different culture temperatures (55— 80 °C) and
media (minimal medium), the amounts of TtuB conjugates
increased in correlation with growth, whereas the conjugation
patterns were essentially unchanged in these conditions (sup-
plemental Fig. S2).

TtuC Is Required for the Formation of TtuB Conjugates—
TtuC shares sequence homology with eukaryotic Els that are
required for the first activation of Ub/Ubls (supplemental Fig.
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FIGURE 1. TtuB forms protein conjugates in T. thermophilus. A, working
model for the dual roles of TtuB. TtuB was shown to function as a sulfur donor
in sT synthesis. The protein-modifier function of TtuB was examined in this
study. B, left panel, anti-TtuB immunoblotting of extracts (22 ng) prepared
from T. thermophilus cells cultured at 70°C in rich medium for the times indi-
cated. Cells reached full growth at ~13 h. The growth curve is shown in sup-
plemental Fig. S2. Recombinant TtuB (rB) was loaded in lane 5. The Ponceau-
stained membrane shows equal amounts of protein loaded (right panel).

S1C), and indeed, TtuC can acyl-adenylate TtuB in vitro (29).
Therefore, TtuC may be involved in the formation of TtuB-
conjugates in T. thermophilus cells. As expected, only free TtuB
was detected in the tzuC deletion strain (A#tuC) by a TtuB-
specific antibody (Fig. 24, lane 4). By contrast, the TtuB conju-
gation pattern was almost unchanged in the AttuA strain (Fig.
2A, lane 2). The importance of the C terminus of TtuB was
examined next. Expression of wild-type TtuB in the AttuB cell
resulted in a similar pattern of conjugates to that observed in
the native strain (Fig. 2B, lanes 2, 4, 6, and 8), but the amount of
TtuB-conjugates was ~10 times greater than in the native
strain. When the C-terminal Gly deletion mutant of TtuB
(TtuBAG) was expressed, no band was detected except for free
TtuB (Fig. 2B, lanes 1, 3, and 5). These results suggest that TtuB
is conjugated to target proteins via its C-terminal Gly and that
the El-like protein TtuC is involved in this process, which is
similar to the eukaryotic Ub/Ubl conjugation system.
Identification of Targets for TtuB Conjugation—Proteins
involved in thiouridine synthesis, such as TtuA and TtuC, may
be targets for TtuB conjugation. Using specific antibodies, only
free TtuA (~33 kDa, theoretically 36 kDa; Fig. 3A, lanes 1, 2,
and 7) or free TtuC (~28 kDa, theoretically 30 kDa; Fig. 3B,
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FIGURE 2. TtuC is required for the formation of TtuB-conjugates. A, left panel,immunoblotting of cell extracts (22 ug) from wild-type, AttuA, AttuB,and AttuC

strains against a TtuB antibody. Recombinant TtuB was loaded in lanes 5 and
indicated by an asterisk. Right panel, Ponceau-stained membranes indicate equa

6. Molecular weight marker (M) was loaded in lane 7. A nonspecific band is
| amounts of protein loaded. B, left panel, immunoblotting of extracts (2.2-22

1g) from the AttuB strain transformed with pWUR-ttuB-WT or pWUR-ttuB-AG (lanes 1-6) against an anti-TtuB antibody. For comparison, extracts (22 p.g) from
wild-type and AttuB strains were also analyzed (lanes 7 and 8). Recombinant TtuB was loaded in lanes 9 and 10. Right panel, Ponceau-stained membranes show

equal amounts of protein loaded. The bands are visible only in lanes 5-8.

lanes 1 and 6) could be detected in cell extract from wild-type
T. thermophilus. To improve the sensitivity of detection, an
immunoprecipitation experiment was performed. Immuno-
precipitation of cell extracts using an anti-TtuA antibody
resulted in the detection of two bands (~45 kDa and ~48 kDa)
in addition to free TtuA (~33 kDa) by the anti-TtuA antibody,
and the same bands showed reactivity against an anti-TtuB
antibody (Fig. 34, lanes 5 and 12), confirming that these bands
were TtuB-TtuA conjugates. Considering that the TtuB mon-
omer was detected at ~13 kDa by electrophoresis (Fig. 1B), the
~45-kDa and ~48-kDa conjugates may contain one molecule
of each protein. Immunoprecipitation using an anti-TtuC anti-
body resulted in the detection of two species by a TtuC antibody
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(Fig. 3B, lane 4), which corresponded to free TtuC (~28 kDa)
and an ~42-kDa band that showed reactivity against a TtuB
antibody (Fig. 3B, lane 10), suggesting that this band was a
TtuB-TtuC conjugate composed of one molecule of each
protein.

Identification of the Attachment Sites of TtuA-TtuB
Conjugates—The samples immunoprecipitated from the native
strain by anti-TtuA or anti-TtuC antibodies were subjected to
MS analysis, but peptides suggesting TtuB-conjugation could
not be identified (data not shown). Immunoprecipitation by
anti-TtuC antibody using a TtuB-overexpressing strain was
performed because overexpression of TtuC was not successful.
However, this strategy did not yield sufficient amount of the
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FIGURE 3. TtuA and TtuC are the targets of TtuB-conjugation. A, cell
extracts from the wild-type strain were subjected to immunoprecipitation
with an anti-TtuA antibody (aA) or normal rabbit IgG (/gG). The input (10%
(lane 1) or 5% (lane 2)), supernatant (sup) (5%), and eluate were analyzed.
Recombinant TtuA (rA) (6 ng) and TtuB (rB) (13 ng) were also analyzed in lane
7. The membrane was probed with an anti-TtuA antibody (left panel) and
reprobed with a TtuB antibody (right panel). Nonspecific bands are indicated
by asterisks. B, extracts from the wild-type strain were subjected to immuno-
precipitation with an anti-TtuC antibody (aC) or normal rabbit I9G (/gG). The
input (5%), supernatant (sup) (5%), and eluate were analyzed. Recombinant
TtuC (rC) (6 ng) and TtuB (rB) (25 ng) were loaded in lane 6. The membrane was
probed with an anti-TtuC antibody (left panel) and reprobed with a TtuB anti-
body (right panel). Nonspecific bands are indicated by asterisks.

TtuC-TtuB conjugate for MS analysis (data not shown). To
obtain sufficient amounts of TtuA-TtuB conjugates, TtuA and
TtuB were simultaneously overexpressed in T. thermophilus
AttuB-ttuA (NS2715) (Fig. 4A, lanes 1 and 2). In addition, to
shorten the TtuB-branched peptide generated after tryptic
digestion and improve its detection by MS, arginine was intro-
duced at position 63 (S63R mutant) of TtuB (Fig. 44, lanes 3 and
4). If an isopeptide bond is formed between the C-terminal
carboxylate of TtuB and an amino group of TtuA, TtuB-S63R
will leave a “GG footprint” on the target site after trypsin cleav-
age. This kind of mutation has been used previously for site-
specific identification of SUMO-2 targets in human cells (36).
The conjugation patterns of wild-type TtuB and the S63R
mutant were essentially the same, although the bands with the
S63R mutant were moved slightly faster through the gel than
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bands with wild-type TtuB (Fig. 4A, lanes 1-4). Cell extracts
from the strains coexpressing TtuA and TtuB were immuno-
precipitated by an anti-TtuA antibody together with detection
using anti-TtuA and anti-TtuB antibodies (Fig. 4B). Two TtuB-
TtuA conjugates were detected in S63R TtuB cells (Fig. 4B, lane
3) at slightly lower molecular weight positions than wild-type
TtuB-TtuA conjugates (lane I). The formation of TtuB-TtuA
conjugates was dependent on the C-terminal glycine of TtuB
(Fig. 4B, lanes 2 and 4).

The two bands containing TtuB(S63R)-TtuA conjugates
(arrowheads in Fig. 4C) were excised, digested by trypsin, and
subjected to MS/MS analysis. In the samples from these two
bands, peptide fragments derived from TtuA and TtuB were
detected with high-sequence coverage (data not shown), fur-
ther suggesting that these bands are TtuA-TtuB conjugates. A
MASCOT search, which takes into account possible modifica-
tion of lysine with two glycines (114.04 Da), successfully iden-
tified three peptides with a GG footprint on lysines of TtuA
(Lys-137, Lys-226, and Lys-229, Fig. 4D). This result also sug-
gests that TtuB is attached to TtuA via its C-terminal carboxy-
late. The abundance of modified peptides was roughly esti-
mated by the mass chromatograms of the parent ion of the
peptides (Fig. 4E). The Lys-137-modified peptide was mainly
detected in the upper band, whereas Lys-226 and Lys-229 pep-
tides were predominantly detected in the lower band. The Lys-
226-modified peptide detected in the upper band and the Lys-
137 peptide detected in the lower band were probably due to
cross-contamination of the closely migrating proteins.

Mutational analysis of three lysines identified in TtuA to
arginines was performed. Seven types of mutant TtuA (Fig. 4F)
were coexpressed with wild-type TtuB in the T. thermophilus
AttuB-ttuA strain. The TtuA-TtuB conjugates were immuno-
precipitated by an anti-TtuA antibody and detected by anti-
TtuA and anti-TtuB antibodies. When Lys-137 was mutated to
arginine, the upper band of the TtuA-TtuB conjugate disap-
peared (Fig. 4F, mutants ¢, d, and g). On the other hand, if
Lys-226 and/or Lys-229 were mutated, the intensity of the
lower band of the conjugates was reduced (Fig. 4F, mutants b, e,
and f). When all three lysines were mutated at the same time,
the upper band disappeared, and the lower band was
unchanged (Fig. 4F, mutant ). It is possible to hypothesize that
a species that is not the Lys-226- or Lys-229-linked conjugate
also migrated at the same position to the lower band. Mutating
all lysine residues, which is preferentially used for conjugation
in normal condition, might result in another residue in the sub-
strate being modified. The MS analysis and the mutational
study suggest that Lys-137 in TtuA was modified by TtuB in the
upper band and that Lys-226 or Lys-229 in TtuA was modified
by TtuB in the lower band.

Aberrant TtuB Conjugation in a JAMM (JAB1/MPN/Mov34
Metalloenzyme) Mutant—Deubiquitinating enzymes responsi-
ble for the removal of Ub from target proteins are indispensable
for Ub systems in eukaryotes (37, 38). A similar system may
function in bacteria, and, if so, the function of Ubl-conjugation
can be investigated by disrupting this activity. Among five fam-
ilies of these proteases in eukaryotes, JAMM domain proteins
are often found in the Ubl operon, and the domains are some-
times fused with Ubl-related proteins in bacteria (2). In the
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FIGURE 4. Identification of the attachment sites of TtuA-TtuB conjugates. A, left panel, immunoblotting of extracts (22 ug) from the AttuB-ttuA strain
transformed with pWUR-ttuB-ttuA against an anti-TtuB antibody. TtuB (wild type (lane 1), C-terminal glycine deletion mutant (lane 2), S63R mutant (lane 3), or
S63R with C-terminal deletion mutant (lane 4)) was coexpressed with wild-type TtuA. For comparison, an extract (22 pg) from the wild-type strain was also
analyzed (lane 5). Recombinant TtuB (rB) (6 ng) and molecular weight marker (M) were loaded in lane 6. Right panel, the Ponceau-stained membrane shows
equal amounts of protein loaded. B, cell extracts (same as in A) were immunoprecipitated with an anti-TtuA antibody, and the eluates were analyzed by Western
blot analysis. The membrane was probed with anti-TtuA (upper panel) and reprobed with anti-TtuB (lower panel). C, large-scale immunoprecipitation from
AttuB-ttuA strain with the expression plasmid for TtuA and TtuB (S63R). The eluate was resolved by SDS-PAGE, and proteins were visualized using Coomassie
Brilliant Blue R-250 (CBB). The bands corresponding to TtuA-TtuB conjugates (shown by arrowheads) were excised and subjected to MS analysis. D, lysine 137,
lysine 226, and lysine 229 in TtuA were identified as TtuB attachment sites by LC-MS/MS analysis. Three peptides contained a lysine residue modified with two
glycines. The collision-induced dissociation spectrum of Lys-137 peptide obtained from the upper band in Cis shown in upper panel. For the Lys-226 peptide
(center panel) and the Lys-229 peptide (lower panel), the spectra obtained from the lower band are shown. Peptide fragments were identified as b- or y-type ions
and deaminated ions (asterisk). E, estimation of the abundance of the modified peptides of TtuA (upper and lower bands in C) by MS analysis. The peptides were
roughly quantified by the parent ion mass chromatograms. The values were normalized by using a peptide corresponding to positions 50-58 of TtuA in each
band. F, mutational analysis of the identified lysines to arginines in TtuA. The wild type and seven types of mutants (a—g) of TtuA (upper panel) were coexpressed
with wild-type TtuB in the T. thermophilus AttuB-ttuA strain. The strain with the empty vector was also analyzed (- in lane 7). Cell extracts were immunoprecipi-
tated with an anti-TtuA antibody, and the eluates were analyzed by Western blot analysis. The membrane was probed with anti-TtuA (center panel) and
reprobed with anti-TtuB (lower panel).
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FIGURE 5. Aberrant TtuB-conjugation in a mutant of a JAMM homolog. A, upper panel, cell extracts (22 pg) from the wild type, Attc1133, or Attc1133
complemented with expression vectors were analyzed by anti-TtuB immunoblotting. Empty vector and vectors encoding ttc7133 (wild type, E47A mutant, and
ASA mutant) were used. Lower panel, the Ponceau-stained membrane indicates equivalent loading. B, extracts (same as in A) were subjected to immunopre-
cipitation (/P) with a TtuC antibody or normal rabbit IgG, and eluates were analyzed by Western blotting with a TtuC antibody (left panel) and a TtuB antibody
(right panel). Recombinant TtuC (rC) (6 ng) was also loaded (lanes 13 and 26). C, extracts (same as in B) were subjected to immunoprecipitation with a TtuA
antibody or normal rabbit IgG, and eluates were analyzed by Western blotting with a TtuA antibody (left panel) and a TtuB antibody (right panel). Recombinant
TtuA (rA) (6 ng) was also loaded (lanes 13 and 26). D, analysis of s°T in tRNA by HPLC. Left panel, UV traces (280 nm) for T. thermophilus wild type (black line) and
Attc1133 (red line) are shown. The modified nucleosides were identified by their UV spectra and retention times: ¥, pseudouridine; m’A, 1-methyladenosine;
1T, ribothymidine (precursor for s*T); m’G, 1-methylguanosine; Gm, 2'-O-methylguanosine; m?G, 2-methylguanosine; s*U, 4-thiouridine; GmG, dinucleotide
GmpG; s°T, 2-thioribothymidine; t°A, 6-theronylcarbamoyladenosine. Right panel, the amounts of s*T in tRNA from mutants measured in two independent
experiments, and the average values are shown.

JAMM motif (EX,HS/THX,SXXD) (supplemental Fig. S34), with an increase in the ~48-kDa band (Fig. 5C, lanes 1, 2, 14,
the two His and Asp residues coordinate a zinc ion, and the Glu  and 15). The amount of free TtuA (~33 kDa) in the Attc1133
residue is hydrogen-bonded to the aqua ligand in the catalytic ~ strain was somewhat decreased (75 = 7%, n = 3). The changes
center (39). in the amounts of two TtuB-TtuA conjugates were dependent
There is one JAMM protein (Ttc1133) in the T. thermophilus  on the activity of Ttc1133 (Fig. 5C, lanes 3—6 and 16 -19).
genome. Therefore, a ttc1133 deletion mutant (Attc1133) was The alterations in the TtuB-conjugation patterns of TtuA
constructed, and the TtuB-conjugation in this strain was ana- and TtuC in the Attc1133 strain suggested that the amount of
lyzed. Unexpectedly, the TtuB-conjugation pattern was s>T may also be changed. As expected, the s*T content of the
unchanged in the Attc1133 strain, except for the ~42-kDa tRNA extracted from the Attc1133 strain was decreased to
band, the ~27-kDa band, and free TtuB (~13 kDa) (Fig. 54, ~50% of the wild-type content (Fig. 5D). This result again
lanes 1 and 2). The changes in conjugation pattern were depended on the catalytic residues of Ttc1133. The Attc1133
reversed by exogenous expression of wild-type Ttc1133 butnot  strain showed a similar growth to the wild-type strain between
by E47A and ASA (His-101 and His-103 were substituted to 60— 82 °C (supplemental Fig. S3B), suggesting that the residual
Ala) mutants in the catalytic residues of JAMM protease (Fig. sT in tRNA was sufficient for efficient protein synthesis at
5A, lanes 3—6). On the basis of the proximity of the ~42-kDa  higher temperatures.
band to the position of the TtuB-TtuC conjugate, an immuno-
precipitation experiment with an anti-TtuC antibody was per- DISCUSSION
formed. The gel mobility of the TtuB-TtuC conjugate Several proteins with homology to the eukaryotic Ub/Ubl
decreased to ~44 kDa in the Attc1133 strain (Fig. 5B, lanes 1, 2,  system, such as Ub/Ubls, Els, and JAMM deubiquitinating
14, and 15). The amount of free TtuC (~28 kDa) in the enzymes, are encoded in prokaryotic genomes (2). In this study,
Attc1133 strain was almost unchanged (86 = 3% of the wild- the existence of a Ub/Ubl homologous conjugation system in
type value, n = 3). The change in the mobility of TtuB-TtuC Bacteria was demonstrated for the first time, implying that the
was dependent on the activity of Ttc1133 (Fig. 5B, lanes 3—-6  Ub/Ubl conjugation systems may be widespread in other pro-
and 16 —19). Animmunoprecipitation experiment witha TtuA-  karyotes. TtuB, which functions as a sulfur carrier in tRNA
antibody was also performed. The ratio of the amounts of the thiouridine synthesis in T. thermophilus (29), was covalently
two TtuB-TtuA conjugates was different in the Attc1133 strain,  attached to target proteins most likely via its C-terminal Gly-65,
which showed a decrease in the ~45-kDa band in correlation and the E1-like TtuC enzyme played a role in this process (Figs.
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1 and 2). TtuB might be conjugated to the Lys of target proteins
through an isopeptide bond as in the case of TtuA (Fig. 4).
Although the TtuB-Gly-65 ~ TtuC-Cys-192 thioester was
formed in vitro (29), the importance of this thioester for the
formation of TtuB-conjugates in vivo is currently unknown
because TtuC complementation experiments were not success-
ful (data not shown).

The modification of proteins by a bacterial Ubl, TtuB, is a
more similar phenomenon to ubiquitylation in eukaryotes than
pupylation, found in a few species of bacteria, including Actino-
mycetales (19, 20). TtuB (homology modeling (supplemental
Fig. S1B) (29)) and Ub/Ubls in eukaryotes have an ordered
B-grasp fold in contrast to the intrinsically disordered Pup pro-
tein (21, 22). The mechanism of conjugation of TtuB to target
proteins, which utilizes the E1-like TtuC protein, also differs
from that of pupylation. In the pupylation reaction, the C-ter-
minal Gln-64 of Pup is deamidated to Glu by the glutamate
synthetase-like protein Dop (40-42), and deamidated Pup is
conjugated to Lys residues on target proteins by another gluta-
mate synthetase-like protein, PafA (40, 42). The side chain of
C-terminal Glu of Pup is coupled to substrates (43).

In an archaeon, Haloferax volcanii (9), SAMPs are activated
by the El-like UbaA and also function as sulfur carriers for
molybdenum cofactor and tRNA thiouridine (10). In
eukaryotes, the Ub-related modifier Urm1, working with Uba4
(E1-like enzyme for Urm1), acts as a sulfur carrier for thiouri-
dine synthesis in tRNA (13-18). Therefore, bacterial TtuB and
archaeal SAMPs are considered to be related to eukaryotic
Urml1 and are the most ancient dual-function Ubls. TtuB-con-
jugation increased after the log phase (Fig. 1B) when the
medium presumably becomes more oxidative and fewer nutri-
ents are available. This situation may be somewhat similar to
that found in SAMPylation and urmylation, which are induced
by nitrogen limitation (9) and by oxidative stress (44),
respectively.

TtuB-conjugation did not occur in the AtfuB and AttuC
strains but was detected in the AttuA strain (Fig. 24). s*T was
not synthesized in these three stains, which were not able to
grow at temperatures above 80 °C (29). Therefore, the temper-
ature-sensitive phenotype may be derived from the absence of
s*T in tRNA and not from TtuB conjugation.

MS analysis of TtuA-TtuB conjugates identified three lysines
in TtuA as the residues modified by C-terminal carboxylate of
TtuB (Fig. 4). This is the first identification of the residues mod-
ified by Ubl in TtuA/Ncs6 tRNA thiouridylases, which are con-
served in the three domains of life. Bacterial TtuA, archaeal
TtuA, and eukaryotic Ncs6 constitute the TtuA/Ncs6 family
(group II of the TtcA family (45)), which catalyzes the 2-thiola-
tion of specific uridines in tRNA (46). Archaeal HVO_0580 (a
TtuA homolog) and eukaryotic ATPBD3 (an Ncs6 homolog)
are SAMPylated (9) and urmylated (44), respectively, although
the target residues in these proteins have not been identified.
Lys-137 in T. thermophilus TtuA is situated just after the cen-
tral Cys-Xaa-Xaa-Cys motif (130—133), which is strictly con-
served in TtuA/Ncs6 proteins. These cysteines are important
for the 2-thiolation activity of Ncs6 (47) and a closely related
enzyme involved in cytidine 2-thiolation (E. coli TtcA) (45).
Thus, Lys-137 may be situated close to the catalytic center of
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this enzyme family. Lys-137 in TtuA is conserved in related
Bacteria and Archaea such as Aquifex, Pyrococcus, Thermococ-
cus, and Metanocaldococcus. On the other hand, this position is
occupied by a conserved arginine in eukaryotic Ncs6. Lys-226
and Lys-229 in T. thermophilus TtuA is situated just after Cys-
222, which is also strictly conserved in TtuA/Ncs6 proteins.
However, Lys-226 and Lys-229 are only conserved in Thermus
and a few other species, possibly implying species-specific func-
tions of the conjugation.

Thiouridine biosynthesis proteins were identified as targets
of TtuB conjugation (Fig. 3). Intriguingly, in a deletion mutant
of the ttc1133 gene, a homolog of the JAMM deubiquitinating
enzyme, the conjugation patterns of TtuA and TtuC were
altered (Fig. 5, B and C), although the amount of free TtuA and
TtuC was little changed (B and C), and the amount of free TtuB
was somewhat increased by the mutation (Fig. 54). The differ-
ence between the two conjugates of TtuA was due to differ-
ences in the residues that were modified in TtuA (Fig. 4).
Ttc1133 might cleave the Lys-226- or the Lys-229-linked con-
jugate in the lower band more efficiently than the Lys-137-
linked conjugate in the upper band. This may be the reason why
the conjugation pattern of TtuA was altered. The difference
between the two conjugates of TtuC might also be attributed to
differences in the residues used for the TtuB conjugation, and
Ttc1133 might cleave these conjugates to different extents.
Probably because of the changes of the conjugation patterns of
TtuA and TtuC, the amount of s®T in tRNA in the ttc1133
mutant was decreased to about half that of the wild-type strain
(Fig. 5D). This result may imply that the enzymatic activities of
TtuA and TtuC were altered by TtuB conjugation. The biosyn-
thesis of sulfur-containing molecules involves reactive sulfur
atoms and, therefore, must avoid nonspecific transfer of sulfur.
TtuB conjugation might play a regulatory role to ensure appro-
priate sulfur transfer in cells. Notably, homologs of TtuA and
TtuC are SAMPylated in archaea (9) and urmylated in
eukaryotes (44), although the function of these conjugates is
unknown. The regulation of thiouridine synthesis might be one
of the common functions of these ancient Ubls.

Ttc1133in T. thermophilus apparently did not work for most
of TtuB conjugates (Fig. 54), implying that there are other pro-
teases for removal of TtuB from the conjugates. Two bacterial
JAMM homologs were reported previously to function as pep-
tidase: QbsD in siderophore synthesis in Pseudomonas (48) and
Mec™ in cysteine synthesis in Mycobacterium (49). In T. ther-
mophilus, Ttc1133 may also function as peptidase for Ttc1947
and Ttc1835, Ubl-fusion proteins predicted to function in the
synthesis of molybdenum cofactor and tungsten cofactor,
respectively (29).

In general, Bacteria do not have a counterpart of the eukary-
otic proteasome, although it has been found in a few species of
Bacteria including Actinomycetales and all Archaea (50).
SAMP1 in archaea seems to function in part as a targeting tag to
the proteasome (9). In T. thermophilus, the steady-state levels
of TtuC remained unchanged regardless of the presence or
absence of functional TtuB (supplemental Fig. S4), suggesting
that TtuB is not a signal for the degradation of TtuC.

Further detailed characterization of the mechanisms of TtuB
conjugate formation and identification of targets by compre-
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hensive methods might lead to a better understanding of the
functions of the TtuB conjugation system and its relation with
the eukaryotic Ubl system.
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