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Abstract
For some time post-translational small protein modifications were found only in eukaryotes; much
later, such modifications were identified in some species of bacteria. The recent discovery of
ubiquitin-like proteins that form polymeric chains and covalently modify proteins in archaea finally
closes the evolutionary gap among the domains of life.

Ubiquitin and related modifiers: elegant chemistry for eukaryotic biology
Proteins can be modified in numerous ways, including phosphorylation, acetylation, and
glycosylation. In eukaryotes one of the most intriguing areas of investigation focuses on
modifications by the small protein ubiquitin (Ub) and its related Ub-like modifiers (Ubl)
[reviewed in (1,2)]. Ub is a 76 amino acid protein that is usually processed from larger
polypeptides. The resulting Ub molecules end in Gly-Gly, a motif common to most
conjugatable Ubls (reviewed in (1)). The C-terminal Gly is subjected to a series of reactions
that result in the conjugation of Ub to lysine (Lys) residues in target proteins. Activating (E1)
enzymes utilize ATP to adenylate the C-terminal Gly of Ub, which is then passed to an active-
site cysteine in the E1 enzyme. From here, Ub is transferred to a Ub-conjugating enzyme (E2)
that delivers Ub to a protein ligase (E3), which catalyses the formation of an isopeptide bond
with a Lys on the target substrate. Ub can be further modified with additional Ub molecules
on any one of seven Lys or even the N-terminus (3). Proteins doomed for degradation are
generally tagged with Lys48-linked Ub chains, and are recognized by the regulatory complex
of the 26S proteasome, where deubiquitylating proteases (DUBs) remove and recycle Ub
monomers for subsequent ubiquitylation reactions (Fig. 1A).

In addition to Ub, several Ubls with the canonical β-grasp fold that characterizes Ub have been
identified in eukaryotes. These include SUMO (small Ub-like modifier), Nedd8 (neural
precursor cell expressed, developmentally downregulated 8), ISG15 (interferon stimulated
gene 15), and Urm1 (Ub-related modifier 1). All of these Ubls terminate in GlyGly and several
are conjugated to target proteins by enzymes with similar activities [reviewed in (1,2)]. Unlike
Ub, these modifiers, with some exceptions, are not generally associated with proteasomal
degradation but instead function to change the interaction properties of proteins, transfer sulfur,
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or target proteins to specific sub-cellular locations. Taken together, there is little question that
Ub and its related modifiers are essential for eukaryotic life.

A bacterial small protein modifier and ubiquitin-like proteins
Despite the existence of proteasomes (4) and proteins with Ub folds (5) in prokaryotes, post-
translational modifications by small proteins had not been identified in archaea or bacteria until
recently. Thus, a puzzle of the prokaryotic proteasome systems was to understand how proteins
were targeted for degradation. Eventually, a small protein modifier, prokaryotic ubiquitin-like
protein (Pup), was identified in mycobacteria as a signal for proteasomal degradation [reviewed
in (6)]. Despite its name, Pup does not have a Ub-fold, but is an intrinsically disordered protein
(7–9). Furthermore, although Pup has a penultimate C-terminal Gly-Gly motif, it does not
attach to substrates via Gly, but uses glutamate (Glu) (10,11). Although there is a lack of
sequence and structural homology with Ub, Pup functions to target proteins for degradation
(10). It appears that Pup targets substrates to the mycobacterial proteasome (Fig. 1B), however
this activity has not been directly demonstrated in vitro. Interestingly, monopupylation seems
to be sufficient to doom proteins for degradation in vivo because polypupylation has not been
observed (12,13); however, we cannot rule out the possibility of polypup-dependent
degradation.

Open reading frames encoding Pup homologues are only found in a limited number of
organisms, namely, the bacterial order of Actinomycetales (6) and the Nitrospirales (14). By
contrast, numerous Ub or β-grasp domain proteins are present in both bacteria and archaea
(15). For example, ThiS and MoaD are proteins with a β-grasp fold, conserved in most bacteria,
and are involved in thiamine and molybdopterin co-factor biosynthesis, respectively (16). ThiS
and MoaD have C-terminal Gly-Gly motifs that undergo a chemistry that resembles Ub
activation, however, these proteins transfer sulfur rather than conjugate to proteins. Urm1,
which is similar to ThiS and MoaD, acts both as a protein modifier (17) and as a sulfur carrier
in a tRNA modification pathway (18,19). The nature and function of the chemical bond between
Urm1 and its single protein target, Ahp1p (alkyl hydroperoxide reductase), remains a matter
of debate (20), and the majority of the observed Urm1 deletion phenotypes can be rescued by
supplementing the modified tRNA. Despite these findings, it was proposed that bacterial Ub-
fold proteins could possibly covalently modify other proteins (6,15).

Perhaps inspired by the presence of small protein modifiers in bacteria, Humbard and co-
workers recently tested the ability of five small proteins to form conjugates in Haloferax
volcanii, a halophilic (“salt-loving”) archaeon (21). The criteria used to predict potential
modifiers were that the proteins be small and terminate in Gly-Gly. Although five candidates
ended in Gly-Gly, only three of the selected genes (HVO_2619, HVO_0202, HVO_2177) were
predicted to encode Ub-like, β-grasp fold proteins. Ectopic expression of these genes in H.
volcanii revealed that HVO_2619 and HVO_0202 conjugated to other proteins. Based on this
result, HVO_2619 and HVO_0202 were named “small archaeal modifier protein” (SAMP) 1
and SAMP2.

The pattern of protein modification with either SAMP1 or SAMP2 (“SAMPylation”) varied
depending on the growth conditions used, as well as whether or not certain proteasomal
subunits were present. H. volcanii encodes two types of proteasomal alpha subunits (α, α) that
form 20S core particles with a single type of β-subunit (22,23), and also interact with one or
both proteasome activating nucleotidases, PAN-A and PAN-B (24). The α1 proteasome and
PAN-A subunits are highly abundant in H. volcanii during all phases of growth (24) and
mutants lacking these proteins display deficiencies in stress response (25). Humbard and co-
workers examined proteasomal mutants for accumulated SAMPylated proteins.
SAMP1ylation increased only when both panA and psmA (encoding the α1 subunit) were
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deleted (21). This suggested that SAMP1 conjugates might be proteasome substrates. In
striking contrast, SAMP2 conjugates were less abundant in the double mutant strain, as well
as in the single psmA, panA, and panB mutants. This result might suggest some form of
feedback inhibition of SAMP2ylation or SAMP2 removal (“deSAMPylation”) in the absence
of a full repertoire of proteasome function. In addition to defects in proteasome function,
nitrogen limitation dramatically increased both SAMP1ylation and SAMP2ylation, although
the reasons for this are not clear. It is possible that nitrogen limitation represents a stress that
requires proteomic adaptation by this archaeal species.

A single step immunopurification of the SAMP1 and SAMP2 proteomes (“SAMPylomes”)
identified 34 proteins that are potentially modified with either or both SAMPs. Deletion of
Gly-Gly from SAMP1 or SAMP2 abolished SAMPylation. Although it was presumed that
SAMP1 conjugates to target Lys via a C-terminal Gly, SAMP1 attachment sites were not
identified; SAMP1 lacks tryptic sites [arginine (Arg) or Lys] that would allow for the facile
identification of modified peptides. The introduction of Arg or Lys near the C-terminus of
SAMP1 might allow investigators to eventually map SAMP1 sites. Nonetheless, it seems likely
that Lys is the targeted amino acid in light of how related modifiers conjugate to proteins,
although it is possible that SAMP1 forms conjugates to amino acids other than Lys.

The method used to purify SAMP1 conjugated proteins could present a potential caveat to the
SAMP1ylome analysis. Although high salt is required for optimal H. volcanii protein folding
or activity, immunoprecipitation using the anti-FLAG antibody was performed under low salt,
non-denaturing conditions (21), which could preserve some non-covalent interactions. Thus
several of the proteins reported in the proteomic analysis could have co-purified with truly
SAMPylated proteins, rather than be targets of SAMPylation.

In contrast to SAMP1, SAMP2 has a Lys immediately before the Gly-Gly motif; thus trypic
digestion and mass spectrometry (MS) analysis was able to identify nine proteins with a
SAMP2 modification. Two proteins had two different SAMP2ylated sites, suggesting that
either or both could be modified on a single molecule, although no peptide was identified with
both Lys modified simultaneously. Perhaps most intriguingly, SAMP2 could form Lys58
conjugates, a feature resembling polyubiquitylation, although the position of SAMP2 Lys58
does not have a corresponding Lys in Ub. It was not clear how many SAMP2 monomers could
polymerize into a single chain, but the possibility of polySAMP2ylation is exciting, and could
suggest roles for SAMP2 other than, or in addition to, proteasomal degradation (Fig. 1C).

A motif for SAMPylation has not been identified, although this is also largely true for Ub and
Pup. Interestingly, Kirkland and colleagues had previously tested the possibility that
phosphorylation might play a role in targeting proteins for proteasomal degradation in H.
volcanii because protein phosphorylation can signal the ubiquitylation of eukaryotic
proteasome substrates (26). The phosphoproteomes of wild type and panA H. volcanii were
compared, and a dramatic increase in phosphoproteins in the proteasome mutants was observed
(27). However, comparison of the phosphoproteome and SAMPylomes identified little overlap
with the exception of two proteins [OsmC-like protein (HVO_1289); 2-oxoglutarate
oxidoreductase, HVO_0887)]. Still, it will be interesting to see if any SAMPylated proteins
are also phosphorylated. Additional proteins that were previously reported to accumulate in
the proteomes of proteasome-defective H. volcanii also appeared to be targets of SAMPylation,
consistent with a potential role for SAMPylation with proteasome function.

SAMP enzymology: more like us than bacteria?
SAMPylome analysis might also have revealed some insight into the enzymology of
SAMPylation. Both SAMP1 and SAMP2 co-purified with MoeB (HVO_0558, molybdopterin
biosynthesis protein), a homologue of the E1 enzyme of the Urm1 pathway, Uba4p (18,28,

Darwin and Hofmann Page 3

Trends Biochem Sci. Author manuscript; available in PMC 2011 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



29). Interestingly, SAMP2 forms an isopeptide bond with MoeB at Lys113, a finding that might
suggest that SAMP2 regulates MoeB activity or stability. It remains to be determined if MoeB
is the E1-like activating enzyme for either SAMP1 or SAMP2, but it seems to be a likely
candidate based on its presumed adenylating activity.

Although a potential E1 enzyme was identified, no potential E2 or E3 candidates were
identified in the H. volcanii genome. This suggests that either H. volcanii has dispensed for
the need of such enzymes or, more likely, has a Ubl system that is a progenitor to the more
complex eukaryotic Ub and Ubl pathways. Alternatively, H. volcanii conjugation enzymes
might have highly divergent sequence or structural similarity with eukaryotic conjugating
enzymes. Nonetheless, because SAMPs conjugate to proteins via Gly and not Glu, and because
it appears a eukaryotic E1 homologue could be involved in SAMPylation, it preliminarily looks
as if the archaeal system is more like the eukaryotic Ub system than the Pup system of bacteria
(Fig. 1C).

Although no homologues of the eukaryotic conjugation enzymes were identified, H. volcanii
could have deconjugating proteases. Indeed, it seems likely that a SAMP deconjugation system
is present as both the conjugation and removal of Ubls are critical to the function of these
modifiers in eukaryotes. Several sequenced archaeal species are known to encode JAB1/MPN/
Mov34 metalloenzyme motif (JAMM) proteases (30), proteins that have been associated with
the deconjugation of Ubls in eukaryotes, and have homologues in bacteria as well as archaea
(31,32). The H. volcanii genome contains two putative JAMM proteases (HVO_1016 and
HVO_2505) that could be possible “deSAMPylases”.

Prospects
The discovery of Ubls in an archaeal species finally gives investigators new leads into how
proteins are targeted to a proteasome, but much work is needed to be done to link the
identification of these modifiers with protein degradation. There is no direct evidence to show
that SAMP1 or SAMP2 are implicated in the targeting of proteins to the proteasome like their
eukaryotic and bacterial counterparts, Ub and Pup, respectively. Although the number or
amount of certain proteins increased in the proteasome defective strains, this could be due to
transcriptional, translational or other effects. In order to begin to pinpoint the role of proteasome
function on SAMPylation, investigators will need to check for transcriptional changes in
proteasome mutants. For example, are genes encoding proteins identified in the SAMPylome
transcriptionally upregulated in proteasome mutants? If not, this would begin to support the
notion that proteins of interest post-translationally accumulate in proteasome mutants. Another
possibility is that defective proteasome function increases the translation of specific transcripts,
which would also result in protein accumulation. Ectopic expression of putative proteasome
substrate genes from a heterologous promoter in H. volcanii could rule out this possibility.

SAMP2 appears to form conjugates, but it is not yet clear if SAMP1 can do so as well. As
previously suggested, improved proteomic analysis of the SAMP1 proteome will hopefully
reveal more information on the nature of SAMP1 conjugation. An exciting future prospect will
be to learn if polySAMPylation will have roles independent of proteasome function in the
physiology of H. volcanii.

Finally, researchers have noted the presence of Ubl proteins in all prokaryotes, not just archaea
(6,15). The archaeal SAMP proteins form a subfamily of β-grasp proteins that is distinct from
the MoaD/Urm1 and ThiS families of sulfur-carrier proteins (Fig. 2). The clustering of the non-
conjugated HVO_2177 protein with the SAMPs suggests functions of the SAMP subfamily
beyond protein modification. It will be interesting to elucidate the biological role of other
members of the subfamily, which are found in both archaea and bacteria. For example, do any
covalently attach to other proteins in these prokaryotes? Although post-translational small
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protein modifiers were once considered unique to the eukaryotic domain of life, it is now clear
that these proteins will most likely have widespread roles in the biology of all organisms.
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Fig. 1. Comparison of the eukaryotic and proposed prokaryotic Ub/Ubl-proteasome systems
(A) Eukaryotic Ub is encoded by four different loci in yeast (33) and is processed by Ub specific
proteases that expose a C-terminal GlyGly motif. The C-terminus is the site of adenylation by
an E1 enzyme, which via a series of transthioesterification reactions passes Ub to E2 and E3
enzymes. E3 enzymes are numerous (>600 in humans) (1) and determine which proteins are
to be ubiquitylated. Ub is recognized by proteins in the regulatory cap of the 26S proteasome
and is removed by deubiquitylases (DUBs) prior to destruction of the target substrate. (B) The
bacterial Pup conjugation system uses enzymes unrelated to those in the eukaryotic Ub
pathway. Pup is synthesized with a C-terminal Gln, which is deamidated by Dop. PafA
catalyzes the ligation of Pup to substrates, presumably by a phosphorylated Pup intermediate.
Pup is recognized by the Mycobacterial proteasome assocated ATPase, Mpa. It is not know if
Pup is removed prior to degradation by a depupylase (DPUP). (C) Proposed H. volcanii SAMP-
proteasome pathway. MoeB, a homologue of eukaryotic E1 activating enzymes, may be the
E1 for SAMP1 and/or SAMP2. Homologues of eukaryotic E2 or E3 enzymes have not been
identified in H. volcanni thus the conjugation of SAMPs to substrates remains to be determined.
Furthermore, it is not known if “desampylation” occurs, although H. volcanii encodes two
putative JAMM proteases. PAN: proteasome activating nucleotidase is a homologue of
proteasome associated ATPases.
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Fig. 2. Sequence relationship between archaeal, bacterial and eukaryotic β-grasp proteins
Neighbor-joining dendrogram visualizing the evolutionary relationship between the β-grasp
proteome of Haloferax volcanii (Hv), Escherichia coli (Ec), and M. tuberculosis (Mt).
Eukaryotic Urm1-like proteins from human (Hs) and budding yeast (Sc) are included for
reference. The proteins can be classified into three major subfamilies groups: ThiS-like (red),
SAMP-like (green) and MoaD/Urm1-like (blue).
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