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a b s t r a c t
The ubiquitin-like (Ubl) system has been shown to be ubiquitous in all three kingdoms of life following
the very recent characterization of ubiquitin-like small archaeal modiﬁer proteins (SAMP1 and 2) from
Haloferax volcanii. The ubiquitin (Ub) and Ubl molecules in eukaryotes have been studied extensively
and their cellular functions are well established. Biochemical and structural data pertaining to prokaryotic Ubl protein (Pup) continue to be reported. In contrast to eukaryotes and prokaryotes, no structural
information on the archaeal Ubl molecule is available. Here we determined the crystal structure of
SAMP1 at 1.55 Å resolution and generated a model of SAMP2. These were then compared with other
Ubl molecules from eukaryotes as well as prokaryotes. The structure of SAMP1 shows a b-grasp fold of
Ub, suggesting that the archaeal Ubl molecule is more closely related to eukaryotic Ub and Ubls than
to its prokaryotic counterpart. The current structure identiﬁes the location of critical elements such a single lysine residue (Lys4), C-terminal di-glycine motif, hydrophobic patches near leucine 60, and uniquely
inserted a-helical segments (a1 and a3) in SAMP1. Based on the structure of SAMP1, several Ub-like features of SAMPs such as poly-SAMPylation and non-covalent interactions have been proposed, which
should provide the basis for further investigations concerning the molecular function of archaeal Ubls
and the large super-family of b-grasp fold proteins in the archaeal kingdom.
Ó 2011 Elsevier Inc. All rights reserved.

1. Introduction
Post-translational modiﬁcation by small protein ubiquitin (Ub)
and ubiquitin-like (Ubl) proteins is involved in a wide variety of
cellular processes [1,2]. Ub and Ubls are small proteins that are
well conserved in terms of primary and tertiary structure, and
are usually covalently attached to target proteins using their
C-terminal glycine residue [1,3]. Interestingly, it was long believed
that the Ub system was only present in eukaryotes, although Ublprotein conjugation is thought to have evolved from prokaryotic
sulfur transferase systems [4,5], and other components involved
in the proteasomal degradation pathway including proteasome
homologs and similar degradation signals such as N-degron have
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also been identiﬁed in prokaryotes [6–9]. A prokaryotic Ubl protein
(Pup) from Mycobacterium tuberculosis was eventually identiﬁed
and shown to act as a degradation signal for the proteasome
[10,11]. Ubiquitin-like small archaeal modiﬁer proteins 1 and 2
(SAMP1 and SAMP2) from the archaeon Haloferax volcanii have
only recently been biochemically characterized [12], although the
existence of Ubl proteins in archaea had been suggested by previous studies [13,14]. Therefore, the Ub and Ubl modiﬁcation systems are now truly ubiquitous in all three kingdoms of life and
the aforementioned reports ﬁnally ﬁll the gap in our knowledge
concerning the evolutionary pathway of Ub and Ubl proteins.
Intriguingly, although Pup has a name implying a prokaryotic
version of ubiquitin, it does not possess a b-grasp fold of Ub, but
has an intrinsically disordered structure [10,11]. This unstructured
state forms an ordered a-helix upon complex formation with the
tentacle-like coiled coil domain in Mycobacterium proteasomal
ATPase [15]. Furthermore, there is a di-glycine motif at the C-terminal region of Pup, although covalent modiﬁcation is not directly
mediated by a glycine residue from this motif [10,11]. Instead,
‘‘PUPylation’’ is mediated by a glutamic acid residue at the C-terminus. Therefore, Pup differs from ubiquitin both structurally and
biochemically [11]. However, recent analyses of archaea have suggested that there are a large number of proteins sharing a b-grasp
fold with a di-glycine motif at the C-terminus [12]. Although no
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experimental data on ‘‘SAMPylation’’ enzymes, which are equivalent to ubiquitin E1-activing, E2-conjugating and E3-ligating enzymes, have been reported, a similar enzymatic cascade has been
predicted [16]. In addition to ubiquitin-equivalent SAMP1 and 2,
a homolog of eukaryotic E1-activating enzyme, MoeB, has been
suggested as a potential E1 candidate for SAMPylation, though
homologs of eukaryotic E2 and E3 enzymes have not been identiﬁed so far.
Although knowledge about eukaryotic ubiquitin-mediated
pathways and E1–E2–E3 enzymes has been ﬁrmly established by
a vast amount of information [3,17,18], and the mechanism of
PUPylation in bacteria has begun to be understood as evidenced
by recent serial reports [10,15,19–21], the mechanism of SAMPylation in archaea remains largely unknown. In an effort to improve
our understanding of archaeal SAMPylation mechanisms, structural information relating to each reaction component should furnish valuable insights. As a ﬁrst step, we have determined a high
resolution structure of SAMP1 and compared the structure with
other ubiquitin-like molecules from eukaryotes and prokaryotes.
SAMP1 shows structural similarity with eukaryotic Ub and Ubls,
but differs radically from Pup. A single lysine residue and di-glycine motif at the C-terminus are spatially isolated and form a
poly-SAMPylated chain. A hydrophobic surface patch near Leu60,
which is structurally equivalent to that found near Ile44 of Ub, is
also present, suggesting that several Ub-like features such as
poly-SAMPylation and non-covalent interactions might be conserved in the archaeal kingdom.
2. Materials and methods
2.1. Sample preparation
The codon-optimized full-length samp1 gene was synthesized
(Mr. Gene GmbH) and ampliﬁed by the polymerase chain reaction
(PCR). The PCR product was cloned into pRSF-GST vector using the
BamHI and XhoI restriction enzyme sites. The resultant plasmid for
expressing GST-tagged SAMP1 was transformed into BL21(DE3)
RIL cells, and was conﬁrmed by DNA sequencing. Transformed cells
were cultured in LB medium containing 50 lm/ml kanamycin at
37 °C until reaching an OD600 nm of 0.8, and then induced by the
addition of 0.5 mM IPTG and incubated at 18 °C for 20 h. Cells were
harvested by centrifugation, resuspended in phosphate-buffered
saline containing 2 mM DTT, and subsequently disrupted by ultrasonication. SAMP1 was puriﬁed by GST afﬁnity chromatography
(GE Healthcare) and treated with protease TEV at a 1:40 (w/w) ratio at 22 °C overnight in order to cleave the GST-tag. Further puriﬁcation was carried out by successive anion exchange (HiTrap Q
Fast Flow, GE Healthcare) and size exclusion (Hiload 16/60 Superdex 75, GE Healthcare) chromatography. Eluents from columns
were analyzed by SDS–PAGE. Final protein was concentrated to
50 mg/ml in 20 mM HEPES (pH 7.5), 150 mM NaCl and 2 mM DTT.
2.2. Crystallization
Protein solution was mixed with the same volume of reservoir
solution containing 100 mM HEPES (pH 7.5), 50 mM cadmium
sulfate hydrate and 1.0 M sodium acetate trihydrate. Thin and multiple needle-shaped crystals grew within a day using a hangingdrop vapor-diffusion method at 22 °C. The best crystals were
grown in 100 mM HEPES (pH 7.3), 50 mM cadmium sulfate hydrate
and 1.1 M sodium acetate trihydrate. Since there is no methionine
in SAMP1, leucine 80 was mutated to methionine for multiwavelength anomalous dispersion (MAD) phasing [22], and the
mutated plasmid was transformed into B834(DE3) cells. Selenomethionyl L80M mutant SAMP1 was expressed in M9 media in the
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presence of 40 mg/ml selenomethionine (SeMet). Subsequent
induction, puriﬁcation and crystallization were performed in the
same manner employed for wild-type SAMP1 protein. Crystals of
both native and selenomethionyl protein were transferred into
cryoprotectant solution containing reservoir solution with 20%
(w/v) glycerol and then ﬂash-frozen in a cold nitrogen stream at
100 K.
2.3. Structure determination
Native and SeMet diffraction data were collected on an ADSC
quantum charge-coupled device detector at the 6C beamline of
the Pohang Light Source, Korea and the AR-NE3 beamline of the Photon Factory, Tsukuba, Japan, respectively. Crystals of SAMP1 diffracted to an approximate resolution of 1.4 Å (Table 1). The
diffraction data were processed and scaled using the HKL2000 software package [23] and statistics for the data collection are described
in Table 1. The structure of SeMet SAMP1 was solved with a fourwavelength MAD data set using SOLVE as implemented in the PHENIX software suite [24]. Two selenium sites in the asymmetric unit
were identiﬁed and the resultant phases had a ﬁgure-of-merit of
0.342. Subsequent density modiﬁcation using RESOLVE improved
the phases greatly to yield a ﬁgure-of-merit of 0.708 at 2.0 Å resolution. An initial model was built with ARP/wARP [25] and the model
was rebuilt using the program COOT [26]. Solvent molecules were
added using model-phased difference-Fourier maps [27]. The
SAMP1 model was reﬁned with CNS including the bulk solvent correction [27]. The assessment of model geometry and assigned secondary structural elements was achieved using the PROCHECK
program [28]. Statistics for the reﬁnement and model quality are
shown in Table 1. The modeled structure of SAMP2 was obtained
using the ModWeb server (http://modbase.compbio.ucsf.edu/ModWeb20-html/modweb.html). For structure comparison, the DALI
server was used (http://ekhidna.biocenter.helsinki.ﬁ/dali_server).
All ﬁgures were generated using PyMOL (http://www.pymol.org).
3. Results and discussion
SAMP1 contains no methionine residues except for the ﬁrst Nterminal residue. Therefore, a hydrophobic residue, leucine 80,
was mutated to methionine and then the structure of SAMP1
was determined by MAD phasing. The wild-type structure was also
determined and basically no difference was observed between the
wild-type and L80M mutant structures. The structure of wild-type
SAMP1 reﬁned at 1.55 Å resolution shows a globular compact domain comprising three a-helices, four b-strands and connecting
loops, and a protruding C-terminal di-glycine motif (Fig. 1A). The
entire 88 residues beginning from the two additional N-terminal
residues (Gly-Ser) from the expression vector (the ﬁrst methionine
was removed during vector construction) to the C-terminal glycine
residue (Gly87) were observed in the electron density map,
although residues between 82 and 87 containing a critical di-glycine motif demonstrated relatively weak electron density, indicating that this C-terminal segment possesses high ﬂexibility. It is
reasonable to suppose that this ﬂexible C-terminal di-glycine motif
is extended far from the core of the molecule to allow for covalent
attachment to a lysine residue at the surface of target proteins
(Fig. 1A). The electrostatic potential surface of SAMP1 shows a high
negative charge, except for some positively charged patches near
Lys4 (Fig. 1B), and several hydrophobic residues, which might be
important for interactions with molecular surfaces of other molecules (Fig. 1C).
A recent study predicted that SAMP1 belongs to the b-grasp fold
Ub family [12], in contrast to prokaryotic Pup [29,30]. This needs to
be conﬁrmed since SAMP1 shares very limited sequence identity
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Table 1
Data collection, phasing and reﬁnement statistics.
Native

MAD (L80M mutant)
Peak

Data collection
Space group
Cell dimension
a, b, c (Å)
X-ray sourcesa
Resolution (Å)b
Wavelength (Å)
Total reﬂections
Unique reﬂections
Completeness (%)b
Overall (I/rI)b
Rsym (%)c,b
FOMd
Reﬁnement
Resolution range (Å)
Reﬂections used
Rwork/Rfree (%)e
Number of atoms
Proteins
Water
Ions
RMS deviations
Bond length (Å)
Bond angles (°)
Ramachandran outlier
PDB ID
a
b
c
d
e

Edge

P212121

P212121

PAL 6C
1.55 (1.61–1.55)
1.23985
150,278
11,712
99.8 (98.8)
30.0 (4.6)
6.4 (39.1)

41.917, 42.298, 43.443
PF AR-NE3
1.38 (1.43–1.38)
0.97973
225,608
16,044
97.3 (93.2)
67.7 (7.6)
6.4 (26.4)

0.97951
225,797
16,027
97.2 (91.8)
69.4 (9.3)
6.7 (24.2)
0.342/0.708 (SOLVE/RESOLVE)

RemoteH

RemoteL

0.95000
225,807
16,117
97.4 (92.6)
65.8 (6.2)
6.3 (29.8)

0.98361
222,655
16,025
97.0 (90.0)
65.0 (4.9)
6.0 (33.6)

50.0–1.55
11,458
19.9/24.3
639
90
2 (Cd2+), 2 (Mg2+), 4 (acetate)
0.006
0.964
0.0% (0)
3PO0

PAL, Pohang Accelerator Laboratory, Korea; PF, Photon Factory, Japan.
Values in parentheses are for reﬂections in the highest resolution bin.
P P
P P
Rsym = h ijI(h,i)  hI(h)ij/ h i I(h,i), where I(h,i) is the intensity of the ith measurement of h and hI(h)i is the corresponding average value for all i measurements.
P
P
Figure of merit = j P(a)eia/ P(a)j, where P(a) is the phase probability distribution and a is the phase.
P
P
Rwork and Rfree = jjFOj  jFCjj/ jFOj for the working set and test set (10%) of reﬂections.

with Ub and Ubl molecules (approximately 20% sequence identity
allowing many sequence gaps). The Z-scores as determined by the
DALI server for SAMP1 are 14.4, 12.3, 12.3, 12.2 and 8.2 for MoaDrelated protein (PDB ID: 1v8c), molybdopterin converting factor
(PDB ID: 1vjk), Urm1 (PDB ID: 2pko), cysteine synthase B (PDB
ID: 3dwg) and Ub (PDB ID: 1ubi), respectively. When approximately 70–80 matching Ca atoms of SAMP1 were superposed with
equivalent atoms of the above proteins, the root mean square
(RMS) deviation was in the range of 1.5–2.5 Å. As shown in
Fig. 2, SAMP1 and Ubl molecules are structurally conserved. It is
intriguing that SAMP1 shows higher structural similarity with molecules involved in sulfur transfer reactions, which are regarded as
ancient versions of ubiquitin [5,31]. Recent analyses suggested that
there are a large number of proteins that possess a b-grasp fold
with a di-glycine motif at the C-terminus in archaea [12], and these
have been divided into two major groups comprising the ThiS and
MoaD families [32]. The two ubiquitin-like molecules from H. volcanii, SAMP1 and SAMP2, which share limited sequence identity of
around 20% with different chain lengths (87 vs. 66 amino acid residues; Fig. 3A), also belong to different families [32]. Our structural
results showing that the molecule most structurally similar to
SAMP1 is MoaD-related protein from Thermus thermophilus HB8
(1v8c) experimentally conﬁrms recent bioinformatic analysis
[32]. However, the bioinformatic study referred to classiﬁed
SAMP2 in the ThiS family. Unfortunately, we were unable to obtain
crystals of SAMP2 to initiate structural investigations. Instead, we
performed a modeling experiment with the current structure and
other homologous proteins present in the Protein Data Bank. The
best template found for the ﬁnal SAMP2 model was the uncharacterized PF1061 protein from Pyrococcus furiosus [33], and the
SAMP2 model is shown in Fig. 3B (right). A structure-based alignment between SAMP1 and SAMP2 is also shown in Fig. 3A. In contrast to SAMP1, the structure of SAMP2 is more similar to that of

Ub (Fig 3B, middle). The main structural difference between the
two SAMPs relates to the presence of two additional a-helices
(a1 and a3) in SAMP1 (Fig. 3B). Interestingly, these helices are also
found in protein molecules with Z-scores of over 10, but not in Ub
(Fig. 2). Therefore, it is tempting to speculate that additional helical
segments in MoaD family proteins play a specialized role relating
to their cellular function.
Interestingly, there is only one lysine residue in SAMPs (Lys4 in
SAMP1 and Lys58 in SAMP2), whereas seven lysine residues (Lys6,
11, 27, 29, 33, 48 and 63) are present in Ub, which are involved in
diverse cellular processes [34]. Previous results concerning the
accumulation of SAMP1 and 2 in proteasomal subunit deletion mutants suggests that both SAMPs are involved in the proteasomal
degradation pathway [12]. However, the lysine residue at the Nterminal region of SAMP1 is not located in a spatially equivalent
position to Ub Lys48, but is closely located to Ub Lys6. Although
covalently modifying SAMP2 Lys58 is also not equivalent to Ub
Lys48 structurally, the direction of the lysyl side chain is rather
similar to SAMP1 Lys4, and Ub Lys6 (Fig. 3B). In fact, the directions
of Lys6 and Lys48 in the b-grasp fold of Ub differ, suggesting that
the poly-SAMPylated chain with both SAMPs might display
marked structurally differences compared with the poly-ubiquitin
chain linked by Lys48. However, the poly-ubiquitin chain mediated
by all lysine residues in Ub except for Lys63 may act as a degradation signal. Residue Lys6 of Ub is the most readily modiﬁed lysine
residue in Ub and its modiﬁcation is known to inhibit proteasomal
degradation [35]. The poly-ubiquitylation of paired helical ﬁlament-Tau is mediated through Lys6 and Lys11 of Ub [36], and
BRCA1–BARD1 ubiquitin ligase mediates Lys6-linked poly-Ub
chains [37]. Similarly, poly-SAMPylation must occur easily with
solvent accessible lysine residues (Lys4 and Lys58 of SAMP1 and
2) and the far extended conformation of the C-terminal di-glycine
motif (Fig. 3B).
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Fig. 1. Overall structure of SAMP1. (A) Ribbon diagram showing the overall structure of SAMP1 and on the right is a 180° rotation along the vertical axis as indicated. With the
exception of the C-terminal di-glycine residues colored in blue, a-helices, b-sheets and connecting loops of SAMP1 are colored, red, yellow and pink, respectively. The
secondary structural elements are sequentially labeled, and the side chain of the only lysine residue (Lys4) is shown and labeled. The N- and C-termini of SAMP1 are also
indicated. (B) Electrostatic potential surface of SAMP1 viewed the same as in panel (A). Positive and negative electrostatic potentials are colored blue and red, respectively. (C)
Hydrophobic surface of SAMP1 viewed in the same orientation. Residues forming hydrophobic surfaces are colored green and labeled. (For interpretation of the references to
color in this ﬁgure legend, the reader is referred to the web version of this article.)

Fig. 2. Ribbon diagram comparing the overall structures of (A) SAMP1, (B) MoaD-related protein, (C) molybdopterin converting factor, (D) ubiquitin related modiﬁer (Urm),
(E) cysteine synthase B, and (F) ubiquitin. The view is the same as in Fig. 1A (right). PDB ID codes and Z-scores from DALI server for each structure are provided.
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Fig. 3. (A) Structure-based sequence alignment between SAMP1 and SAMP2 from H. volcanii. The secondary structural elements at the top of each alignment correspond to
those of SAMP1. Strictly conserved residues boxed in red and yellow indicate conservatively substituted residues. Residue Lys4 of SAMP1 and Lys58 of SAMP2 are marked by a
ﬁlled red circle. Residue Leu60 of SAMP1 and Leu40 of SAMP2 are marked by an open orange circle. Di-glycine motif at C-terminus is marked by ﬁlled blue triangles. (B)
Structural comparison between SAMP1 (left), ubiquitin (middle), and SAMP2 (right). The structures are oriented to show Ile44 of ubiquitin at the front center. The common Cterminal di-glycine motif is colored in blue and the unique a-helical addition in SAMP1 is highlighted in red and labeled. Lysine residues that might be involved in potential
SAMPylation and ubiquitylation are shown as stick models (Lys4 in SAMP1; Lys6, 48, 63 in Ub; Lys58 in SAMP2). A critical ubiquitin residue (Ub Ile44) involved in noncovalent interactions with interacting proteins and its equivalent SAMPs’ residues (SAMP1 Leu60; SAMP2 Leu40) are also shown as stick models and colored in pink. (For
interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

It is known that ubiquitin possesses a hydrophobic patch which
includes Ile44, and is critical for protein-protein interaction [38].
Our structural study suggests that the SAMP1 and SAMP2 residues
spatially equivalent to Ub Ile44 are Leu60 and Leu40, respectively.
Amino acid residues located near Ub Ile44 are 43Leu-Ile-Phe-AlaGly47, and those located near SAMP1 Leu60 and SAMP2 Leu40
are 59Val-Leu-Arg-Asn-Gly63 and 39Val-Leu-Val-Asp-Gly43, respectively (Fig. 3A). Thus, it can be supposed that the hydrophobic
patch found on the molecular surface of SAMP1 (and SAMP2)
which is similar to Ub might also be involved in non-covalent
interactions with other binding proteins in H. volcanii. Indeed,
there are several hydrophobic residues (Phe6, Ala79 and Phe81)
near SAMP1 Leu60, and these form an exposed hydrophobic patch
(Fig. 1C).
This study identiﬁed structurally unique characteristics of
SAMP1, including its similarities to Ub and Ubl, and the manner
by which it differs from SAMP2. Due to technical reasons, the
poly-SAMPylation site of SAMP2 has only been identiﬁed, however,
previous predictions and the current structural data suggest that
poly-SAMPylation of SAMP1 might also be feasible due to the spatial orientation of Lys4 and the di-glycine motif. More importantly,
it is tempting to speculate that non-covalent interactions between
SAMPs and binding partners might play a signiﬁcant role in archaea. Eukaryotic Ub contains seven lysine residues, which are involved in a variety of cellular functions and participate in different
types of modiﬁcations such as mono-, multi- and poly-ubiquitylation [34]. Non-covalent interactions between Ub and Ub-binding
domains also play a critical role in many cellular pathways [39].

Whether structurally similar SAMPs in archaea also participate in
similar non-covalent interactions with binding partners and the
functional consequences of such interaction remain unclear. The
current structure of SAMP1 provides detailed information that
should assist in delineating the molecular function of archaeal Ubls
in addition to the large super-family of b-grasp fold proteins.
Note added in proof
The solution structure of SAMP1 from Methanosarcina acetivorans has been published very recently [40].
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