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Summary

Archaea, one of three major evolutionary lineages of life, encode proteasomes highly related to 

those of eukaryotes. In contrast, archaeal ubiquitin-like proteins are less conserved and not known 

to function in protein conjugation. This has complicated our understanding of the origins of 

ubiquitination and its connection to proteasomes. Here we report two small archaeal modifier 

proteins, SAMP1 and SAMP2, with a β-grasp fold and C-terminal diglycine motif similar to 

ubiquitin, that form protein-conjugates in the archaeon Haloferax volcanii. SAMP-conjugates 

were altered by nitrogen-limitation and proteasomal gene knockout and spanned various functions 

including components of the Urm1 pathway. LC-MS/MS-based collision-induced dissociation 

demonstrated isopeptide bonds between the C-terminal glycine of SAMP2 and the ε-amino group 

of lysines from a number of protein targets and Lys58 of SAMP2 itself, revealing poly-SAMP 

chains. The widespread distribution and diversity of pathways modified by SAMPylation suggest 

this type of protein-conjugation is central to the archaeal lineage.
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Introduction

In eukaryotic cells, the conjugation of ubiquitin (Ub) and ubiquitin-like (Ubl) proteins to 

protein targets plays an integral role in a wide variety of processes including proteasome-

mediated proteolysis, heterochromatin remodeling and protein trafficking1,2. Elaborate 

ATP-dependent systems mediate these covalent attachments including the use of E1 Ub-

activating, E2 Ub-conjugating and E3 Ub-protein ligase enzymes1,2. Of these, E1 catalyzes 

the ATP-dependent adenylation of the Ub/Ubl C-terminal carboxylate and transfers this 

activated form of Ub/Ubl to a conserved cysteine on E1. This Ub/Ubl thioester intermediate 

is transferred to an E2 to form a second thioester linkage. The E2 Ub-conjugating enzyme 

then transfers the Ub/Ubl to an ε-amino group of a lysine residue either within a target 

protein or on a growing poly-Ub/Ubl chain2,3. Transfer to Nα-amino groups has also been 

observed4. Often Ub-transfer is with assistance from an E3 Ub-protein ligase either forming 

an E3-Ub/Ubl thioester intermediate or with E3 facilitating Ub/Ubl-transfer from E2 directly 

to the substrate protein.

Although universal in eukaryotes, the presence of Ub-like protein conjugation systems in 

prokaryotes is less clear. PUP, the first example of a protein covalently attached to target 

proteins in prokaryotes5,6, appears restricted to Actinobacteria and Nitrospriae and is 

distinct from ubiquitination in its use of deamidase and glutamine synthetase-like ligase6,7 

reactions for conjugation and its disordered structure8,9. The β-grasp fold of Ub/Ubl 

proteins, however, are common to a growing superfamily of proteins involved in diverse 

functions that span all three domains of life10-12. Of these β-grasp functions, the 

enzymology and mechanism of sulphur activation for the biosynthesis of thiamine, tungsten 

and molybdenum cofactors bears striking resemblance to the activation of Ub/Ubl13. 

Jab1/MPN domain metalloenzyme (JAMM) motifs common to deubiquitinating enzymes 

used for the recycling of Ub and removal of Ubl modifiers are also conserved in many 

prokaryotes14-16. On the basis of these features, it is unclear (i) whether eukaryotic Ub/Ubl-

systems were derived from a combination of various prokaryotic β-grasp fold pathways that 

function in related yet distinct chemistry or (ii) whether prokaryotes figured out how to 

conjugate Ub/Ubl-proteins to protein targets prior to the divergence of eukaryotes. Here we 

demonstrate two small archaeal modifier proteins (SAMPs) of the β-grasp superfamily are 

differentially conjugated to protein targets in the archaeon Haloferax volcanii, thus 

providing an evolutionary link in Ub/Ubl-protein conjugation systems.

SAMP1 and SAMP2 form protein conjugates

Small proteins with a β-grasp fold and C-terminal di-glycine motif similar to Ub are 

widespread among Archaea10-12. Although presumed to activate sulphur for the 

biosynthesis of cofactors such as thiamine, tungsten and molybdenum, the biological 

function of these proteins remains unknown. In this study, Ub-like β-grasp proteins were 

identified in the deduced proteome of H. volcanii (Fig. 1). The proteins were fused to an N-

terminal FLAG-tag and synthesized in H. volcanii grown under various conditions including 

complex and minimal media, nitrogen-limitation and salt concentrations ranging from 

suboptimal to optimal (1.0 to 2.5 M NaCl). The FLAG-tagged proteins were analyzed for 
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conjugate formation by anti-FLAG immunoblot (α-FLAG IB) of cell lysate separated by 

reducing SDS-PAGE.

Using this approach, two Ubl-proteins, HVO_2619 (SAMP1) and HVO_0202 (SAMP2) that 

share only 21 % identity and 30 % similarity in amino acid sequence, were found to form 

differential protein conjugates that were modulated by growth condition (Fig. 2). Protein 

conjugates were not detected for the remaining proteins examined (HVO_2177, HVO_2178 

and HVO_0383) (Supplemental Fig. 1). Although the number of SAMP-conjugates detected 

was minimal when cells were grown under standard conditions in complex medium with 

only two discrete protein bands detected for each SAMP (58- and 14-kDa for SAMP1 and 

18- and 16-kDa for SAMP2) (Fig. 2a), a dramatic increase in the number of SAMP-

conjugates was observed when cells were transferred to glycerol-alanine minimal medium 

(Fig. 2b). Systematic supplementation of media with glycerol, alanine and ammonium 

chloride revealed low nitrogen was the signal for this prominent increase (Fig. 2b). Each of 

the SAMPs was associated with distinct patterns of protein-conjugates suggesting the 

presence of a relatively complex regulatory network of SAMPylation that not only senses 

environmental cues, but also discriminates and differentially conjugates the two SAMP 

proteins to their protein targets. Interestingly, the predominant SAMP2-conjugates detected 

migrated in regular intervals of ∼ 11-12 kDa by SDS-PAGE, suggesting SAMP2 formed 

free SAMP2 polymers.

Proteasomes alter SAMP-conjugates

H. volcanii mutant strains with markerless deletions in proteasomal genes, including those 

encoding the subunits of the 20S proteasomal core particle (CP) and Rpt-like ATPase 

subtypes17, were used to examine the influence of proteasome function on the levels of 

SAMP-conjugate formation. Site-2-type metalloprotease (S2P) knockout strains were also 

included in this analysis. Unlike some archaea that synthesize a single CP of α- and β-type 

subunit composition and do not encode Rpt-like ATPases, H. volcanii synthesizes multiple 

proteasomal subtypes including: (i) CPs with a β-type subunit that associates with α1 and/or 

α2 subunits as well as (ii) PAN-A and PAN-B proteins that are closely related to eukaryotic 

26S proteasomal Rpt subunits18,19. Of these, α1 and PAN-A are highly abundant during all 

phases of growth19, double knockout of the Rpt-like genes has little impact on standard 

growth and synthesis of CPs containing either α1 or α2 can be separately abolished17. 

However, conditional knockout of all CP subtypes renders cells inviable17.

Analysis of the FLAG-SAMP fusions in the various proteasomal mutants revealed 

significant differences in SAMP-conjugate levels compared to wild type. A substantial 

increase in SAMP1-conjugate and decrease in SAMP2-conjugate levels was observed 

during nitrogen-limitation in ΔpanA ΔpsmA mutant strains (deficient in synthesis of PAN-A 

and α1), while deletion of site-2-type metalloprotease genes had no effect (Fig. 3). 

Consistent with this, ΔpanA ΔpsmA single and double knockouts have the most pronounced 

phenotypes of the viable proteasomal mutant strains of H. volcanii, with enhanced 

sensitivity to nitrogen-limitation, hypo-osmotic shock and the amino acid analogue L-

canavanine17. The enhanced levels of SAMP1-conjugates in the ΔpanA ΔpsmA mutant 

suggest SAMP1 targets proteins for destruction by proteasomes. Other functions of 
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SAMPylation are also likely based on the decrease in SAMP2-conjugates observed in select 

proteasomal mutant strains.

Identification of SAMP-conjugates

SAMP-conjugates were purified from H. volcanii cells expressing the FLAG-SAMP fusions 

by α-FLAG immunoprecipitation (IP) compared to cells expressing the FLAG-SAMP 

fusions with deletions in their C-terminal diglycine motif (ΔGG) or vector alone (Fig. 4). 

Unlike most proteins, the vast majority of proteins from haloarchaea are highly acidic and 

require high salt (> 1 M) for stability and activity20. Non-covalent protein complexes from 

these ‘salt-loving’ organisms typically dissociate in the low salt and detergent conditions 

required for IP. Consistent with this, SAMP-conjugates were readily purified by IP from H. 

volcanii based on α-FLAG immunoblot and SYPRO Ruby stain of these fractions (Fig. 4). 

The purified SAMP-conjugates were resistant to boiling in the presence of SDS and 

reducing reagents (Fig. 4a). The results also demonstrated that the C-terminal diglycine 

motif of SAMP1 and SAMP2 was required for their conjugation to proteins and that IP 

enhanced the ability to detect a remarkable diversity of SAMP-conjugates present in cells 

grown under rich and nitrogen-limiting conditions. It should also be noted that the SAMP-

conjugate banding patterns were not influenced by addition of reducing reagents. Thus, IP 

combined with boiling, separation by SDS-PAGE and staining with SYPRO Ruby proved 

ideal for the isolation of covalently-linked FLAG-SAMP-conjugates (Fig. 4b). Proteins 

specific for the FLAG-SAMP expressing strains were excised from the gels, digested with 

trypsin and identified by mass spectrometry (MS). Using this approach, thirty-four SAMP-

protein conjugates were identified including those present in cells grown under nutrient rich 

and nitrogen-limiting conditions (Table 1). Of the proteins identified, all were unique to the 

strains expressing the FLAG-SAMP fusions compared to cells with vector alone, and two of 

the conjugates were common to both SAMP1 and SAMP2 (HVO_0558 and HVO_A0230; 

Table 1). Consistent with their role as small archaeal modifier proteins, SAMP1 and SAMP2 

were the only proteins identified in SDS-PAGE gel slices that spanned a wide-range of 

molecular masses (5 – 125 kDa, Supplementary Table 3).

Many of the SAMPylated proteins were homologs of enzymes associated with Ubl-

conjugation and/or sulphur-activation (Table 1). These included homologs of Uba4p, 

Yor251c and Ncs6p/Ncs2p associated with the Urm1 pathway involved in thiolation of 

tRNA and protein conjugation21,22 as well as MobB, MoaE, MoeA and SufB/D, all 

predicted to be involved in pathways associated with sulphur metabolism. Interestingly, 

homologs of the N- and C-terminal domains of Uba4p are encoded as separate proteins in H. 

volcanii and other archaea. HVO_0558, identified as a SAMP-conjugate, is similar to the 

Uba4p N-terminal domain and Cys225 active site required for adenylyltransferase 

activity21,23,24 (Fig. 5), while the divergently transcribed HVO_0559 is related to the Uba4p 

C-terminus including the rhodanese domain (RHD) and Cys397 needed for persulfide 

formation in sulphurtransferase reactions25. Whether HVO_0558 functions as an E1 and 

activates the SAMPs for protein-conjugation and/or sulphur transfer to tRNA or cofactors 

such as molybdopterin remains to be determined; however, its association with both SAMP 

proteins under all conditions examined and its relationship to the Urm1 pathway is 

consistent with this possibility.
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A wide-variety of proteins spanning functions from stress response to basic transcription, 

translation and DNA replication were also conjugated to the SAMPs (Table 1). Many of 

these proteins were previously found to accumulate in H. volcanii cells after chemical and/or 

genetic perturbation of proteasome function (as indicated in Table 1). Furthermore, many 

have been linked to Ubl/Ub-proteasome systems including the translation elongation factor 

EF-1α26,27, predicted transcriptional regulator HVO_1577 associated with H. volcanii 20S 

CPs28, Shwachman-Bodian-Diamond syndrome protein encoded in proteasomal operons in 

archaea29 and HVO_1250 and HVO_1289 of similar antioxidant function to the Urm1-

target Ahp1p30.

Mapping sites of SAMPylation

To enhance MS-coverage and map the sites of SAMPylation, FLAG-SAMP2-conjugates 

were purified by α-FLAG in liquid phase for analysis of trypsinized peptides by reversed 

phase liquid chromatography coupled with tandem mass spectrometry (RP-LC-MS/MS) 

using a data dependent MS/MS scan mode and parent mass list method. Unlike SAMP1, 

which has a limited number of C-terminal trypsin cleavage sites, SAMP2 has a lysine at 

position 64. Thus, if an isopeptide bond is formed between the C-terminal carboxylate of 

SAMP2 and an amino group of the substrate protein, SAMP2 will leave a ‘GG-footprint’ on 

the target site after trypsinization. Using this approach, eleven sites of SAMP2 modification 

were mapped by collision-induced dissociation (CID) based MS/MS (Table 2). The sites 

were based on the mass differences between the y and b ion series containing the SAMP2-

derived GG-footprint on lysine residues (Fig. 6 and Supplementary Fig. 2). The 

SAMPylated peptides were detected from doubly- to quadruply-charged molecular ions and 

mapped by more than one peptide on the same protein.

A number of fundamental insights were revealed by the CID-based MS/MS spectra 

concerning how SAMP2 modifies proteins. First and foremost, the C-terminal glycine of 

SAMP2 is covalently attached through an isopeptide bond to the ε-amino group of lysine 

residues of at least nine different substrate proteins. Secondly, SAMP2 can modify a single 

substrate protein at multiple sites based on the finding that TATA-binding protein E 

(HVO_1727) and SseA/Yor251cp (HVO_0025) homologs are modified at either of two 

lysine residues in close proximity. Thirdly, although a thioester bond was not detected by 

MS/MS between SAMP2 and any of the cysteine residues of HVO_0558, SAMP2 did 

modify this Uba4p homolog through an isopeptide bond at K113 suggesting SAMP2 may 

regulate the adenylation of either itself or SAMP1. Furthermore, the MS/MS data revealed 

that SAMP2 forms polymeric chains with itself at lysine 58 similar to Ub and other Ubl 

proteins (such as SUMO2/3 and NEDD8).31 Whether the SAMP2 polymeric chains are free 

or covalently attached to substrate proteins and the full diversity of these SAMP2 chains 

(i.e., homotypic, heterologous or mixed with SAMP1) remain to be determined. Likewise, it 

remains to be determined whether SAMP1 and SAMP2 compete for the same or different 

lysine residues on substrates and target these proteins for different fates, or whether they are 

mutually exclusive in their sites of protein targeting. Proteins with multiple SAMP-sites 

occupied remain to be identified. Our results do reveal, however, that the same protein can 

be modified by either SAMP1 or SAMP2 (i.e., Uba4p and MsrA homologs) and that the 
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same protein can be modified on different lysine residues (i.e., TATA-binding protein E and 

SseA/Yor251cp homologs).

Widespread distribution of SAMP homologs

While SAMP1 and SAMP2, share limited primary sequence identity to each other, both 

proteins are members of a large superfamily that shares a common β-grasp fold and includes 

members from all archaea10-12. In addition to this common 3-D fold, SAMP1 and SAMP2 

are related in primary amino acid sequence to small proteins from other archaea including 

species of haloarchaea, methanogens and Archaeoglobus (30 to 80 % identity)

(Supplementary Fig. 3 and 4). SAMP1 also shares a close relationship with the N-termini of 

small proteins that have a C-terminal domain of unknown function (DUF1952) from 

thermophilic bacteria of the deep branching Thermus species (33 to 39 % identity) 

(Supplementary Fig. 3). Interestingly, a number of these SAMP homologs (5 from 

haloarchaea and 2 from Thermus) have 2 to 82 amino acid residues carboxyl to the diglycine 

motif and, thus, would likely require proteolytic cleavage prior to covalent attachment if 

functioning similar to the H. volcanii SAMPs.

The organization of the SAMP1 and SAMP2 genes on the H. volcanii genome is also 

revealing (Supplementary Fig. 5). Unlike eukaryotes that encode Ub as fusion proteins that 

are proteolytically processed to expose a functional C-terminal diglycine motif, SAMP1 and 

SAMP2 are encoded as single small proteins (of 87 and 66 amino acids, respectively) with 

the diglycines apparently exposed after translation. Comparison of the SAMP operons to 

other microbial genomes reveals a high conservation of immediate gene order between H. 

volcanii and other diverse haloarchaea. This includes the prediction that SAMP1 is co- and 

divergently transcribed with genes encoding proteins with regulatory of K+ conductance 

(RCK) domains likely to form K+ channels for cellular defense against osmotic stress. 

Likewise, haloarchaeal SAMP2 genes appear to be commonly co- and divergently 

transcribed with Gcn5-related N-acetyltransferase (GNAT) and AAA ATPase replication 

factor C small subunit homologs. This conservation in gene order suggests that 

SAMPylation is linked to osmotic stress, DNA replication and/or protein acetylation. 

Although SAMP-conjugates were not altered by low salt stress (Fig. 3a and data not shown), 

a strong and constitutive rRNA P2 promoter was used to drive expression of the FLAG-

SAMP genes for this analysis. Interestingly, we did detect an increase in the levels and 

change in the types of SAMP-conjugates formed during nitrogen-limitation suggesting stress 

and/or reduced growth rate may be associated with SAMP function.

Discussion

H. volcanii forms a relatively elaborate network of protein conjugates including the covalent 

linkage to target proteins of at least two different Ubl-proteins, SAMP1 and SAMP2, that 

are conserved among diverse archaea. These data suggest ubiquitin-like protein conjugation 

system origins reside in archaea. H. volcanii forms these differential SAMP-conjugates in 

the presence of only a single E1 and in the absence of any apparent E2 or E3 homologs 

suggesting a streamlined Ubl-system for protein conjugation. In support of this possibility, 

(i) the related eukaryotic E1s can be relatively promiscuous and activate more than one type 
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of structurally distinct Ubl protein32, (ii) E2-intermediates have yet to be identified for the 

ancient Urm1 pathway and (iii) ubiquitination can occur in the absence of E3 Ub-ligases33. 

Thus, an archaeal E2- and E3-independent Ubl-conjugation mechanism is feasible. Common 

to SAMP1 and SAMP2, was their conjugation to HVO_0558 under all conditions examined 

suggesting a close association of this E1 (Uba4p N-terminal domain) homolog with 

SAMPylation. The multiple RHD proteins that are related to the C-terminus of Uba4p and 

encoded as separate proteins in most archaea, including H. volcanii, may add functional 

flexibility to the SAMPylation system. Small Zn-finger proteins such as Brz34, prevalent in 

archaea and similar to the RING domains of E3 Ub ligases35, may also assist in discerning 

the various interactions required for SAMPylation. Although it has yet to be determined the 

full extent of poly- vs. mono-SAMPylation and whether the SAMPs are reused, SAMP2-

polymeric chains were detected in this study and archaea encode proteins with JAMM 

motifs similar to eukaryotic deubiquitinating enzymes14-16 suggesting a SAMP-recycling 

mechanism is conserved.

Methods Summary

Small proteins were selected from the deduced proteome of H. volcanii based on the 

presence of a β-grasp fold and C-terminal diglycine motif. N-terminal FLAG-tagged fusions 

of these proteins were expressed in H. volcanii (± proteasomal gene mutations) grown under 

rich and nitrogen-limiting conditions. Formation of SAMP-conjugates was monitored by α-

FLAG-immunoblot of cell lysate that was separated by reducing SDS-PAGE. SAMP-

conjugates were enriched from cell lysate by α-FLAG-immunoprecipitation and further 

purified by SDS-PAGE prior to identification by MS (compared to cells with FLAG-

SAMPΔGG or vector alone). Sites of SAMPylation were mapped by LC-MS/MS-based CID 

of FLAG-SAMP2-conjugates purified by α-FLAG chromatography.

Methods

Materials

Biochemicals were purchased from Sigma-Aldrich (St. Louis, MO). Other organic and 

inorganic analytical grade chemicals were from Fisher Scientific (Atlanta, GA) and Bio-Rad 

(Hercules, CA). Desalted oligonucleotides were from Integrated DNA Technologies 

(Coralville, IN). DNA modifying enzymes and polymerases were from New England 

Biolabs (Ipswich, MA).

Strains, media, and plasmids

H. volcanii and E. coli strains, oligonucleotide primers used for cloning, and plasmids are 

summarized in Supplementary Tables 1 and 2. E. coli DH5α was used for routine 

recombinant DNA experiments, and E. coli GM2163 was used for isolation of plasmid DNA 

for transformation of H. volcanii as previously described43. H. volcanii wild type and 

protease mutant strains expressing N-terminal FLAG-tagged fusions were grown to 

stationary phase (OD600 of 1.5 - 2.2) at 42 °C and 200 rpm. Media included: i) ATCC 974 
composed of 2.14 M NaCl, 246 mM MgCl2·6H2O, 29 mM K2SO4, 0.91 mM CaCl2·2H2O, 

0.5 % yeast extract (Difco) and 0.5% tryptone; ii) YPC composed of 0.5% yeast extract 

Humbard et al. Page 7

Nature. Author manuscript; available in PMC 2010 July 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(Difco), 0.1% peptone (Oxoid), 0.1% casamino acids (Difco) with 18 % salt water (2.5 M 

NaCl, 88 mM MgCl2·6H2O, 85 mM MgSO4·7H2O, 56 mM KCl, 3 mM CaCl2) and 12 mM 

Tris-HCl buffer pH 7.5 according to Allers et al.43 and iii) GMM composed of 20 mM 

glycerol with 18 % salt water, 5 mM NH4Cl, trace minerals (1.8 μM MnCl2·4H2O, 1.5 μM 

ZnSO4·7H2O, 8.3 μM FeSO4·7H2O, 0.2 μM CuSO4·5H2O), cofactors (3 μM thiamine or 

vitamin B1 and 40 nM biotin or vitamin H) and buffers (42 mM Tris-HCl pH 7.5 and 1 mM 

KPO4 pH 7.5). Media was supplemented with alanine (25 mM) (+Ala), devoid of 

ammonium chloride (−N) or reduced to 1.5 M NaCl as indicated. Media was also 

supplemented with novobiocin (0.1 μg·ml-1) and uracil (50 μg·ml-1) as needed. Uracil was 

solubilized in 100 % DMSO at 50 mg·ml-1 prior to addition to media.

DNA purification and analysis

The H. volcanii genes encoding HVO_2619 (SAMP1), HVO_0202 (SAMP2), HVO_2177, 

HVO_2178 and HVO_0383 were isolated from genomic DNA by PCR using primers listed 

in Supplementary Table 1, H. volcanii genomic DNA as template, Phusion DNA polymerase 

and 3 % (v/v) DMSO according to supplier (New England Biolabs). PCR was performed 

with a thermal gradient for annealing at ± 5 °C primer Tm using an iCycler (BioRad 

Laboratories). PCR products were analyzed on 2 % (w/v) agarose gels in TAE buffer (40 

mM Tris acetate, 2 mM EDTA, pH 8.5) using Hi-Lo DNA molecular weight marker 

(Minnesota Molecular, Minneapolis, MN.) and ethidium bromide staining at 0.5 μg ml−1. 

DNA fragments of appropriate molecular mass were purified by MinElute (Qiagen) or 

isolated from SeaKem GTG agarose (FMC Bioproducts, Rockland, ME) gels using the 

QIAquick gel extraction kit (Qiagen) as needed. DNA fragments were ligated into the NdeI 

and BlpI sites of pJAM202 or NdeI and KpnI sites of pJAM939 using appropriate restriction 

enzymes, Antarctic phosphatase and T4 ligase as indicated in Supplementary Tables 1 and 2. 

Plasmid DNA was isolated from E. coli strains using the QIAprep Spin Miniprep Kit 

(Qiagen, Valencia, CA). Fidelity of all PCR amplified products was confirmed by 

sequencing the DNA of plasmid inserts by Sanger automated DNA sequencing using an 

Applied Biosystems Model 3130 Genetic analyzer (UF ICBR Genomics Division).

Immunoblot

H. volcanii cells expressing N-terminal FLAG-tagged fusions were harvested by 

centrifugation (10,000 × g, 10 min, 25 °C), boiled 20 to 30 min in SDS-loading buffer with 

reducing reagents (2.5 % [v/v] β-mercaptoethanol or 10 mM dithiothreitol) and separated by 

SDS-PAGE (10 and 12 %) at 0.065 OD600 units per lane. Equivalent protein loading was 

confirmed by staining with Coomassie Blue. Proteins were electroblotted onto Hybond-P 

polyvinylidene fluoride (PVDF) membranes (Amersham) (14.5 h at 20 V or 2.5 h at 90 V; 

4°C). FLAG-tagged fusions were detected by immunoblot using: i) anti-FLAG M2 antibody 

(Stratagene) and anti-mouse IgG-alkaline phosphatase (AP) antibody raised in goat (Sigma) 

and ii) AP-linked anti-FLAG M2 monoclonal antibody (Sigma). AP activity was detected 

colormetrically using nitro blue tetrazolium chloride (NBT) and 5-bromo-4-chloro-3-indolyl 

phosphate (BCIP) and by chemiluminescence using CDP-Star according to supplier's 

protocol (Applied Biosystems, Foster City, CA) with X-ray film (Hyperfilm; Amersham 

Biosciences).
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Preparation of cell lysate for IP and FLAG column elution

H. volcanii cells expressing FLAG-SAMP fusions and vector alone (100 ml cultures) were 

harvested by centrifugation (6,000 × g, 20 min, 25 °C) and resuspended in 1 ml of lysis 

buffer (50 mM Tris-Cl buffer at pH 7.4 with 1 % [v/v] Triton-X-100, 5 mM EDTA, 0.02 % 

[w/v] sodium azide, 10 mM iodoacetamide, 1 mM PMSF, 300 mM NaCl, 1 U·ml-1 DNase 

I). Debris was removed by centrifugation (14,000 × g, 20 min, 25 °C).

Immunoprecipitation

α-FLAG M2 agarose (Sigma; product number A2220) was prepared for 

immunoprecipitation (IP) by washing 2 × with PBS and 2 × with wash buffer (50 mM Tris-

Cl buffer at pH 7.4 with 0.1 % [v/v] Triton-X-100, 300 mM NaCl, 5 mM EDTA, 0.02 % 

[w/v] sodium azide, 0.1% [w/v] SDS, 0.1% [w/v] deoxycholine). Clarified cell lysate (1 ml) 

was added to washed-agarose beads (100 μl) and incubated by rocking at 4 °C for 12 – 16 h. 

Protein-bound-beads were washed 10 × with wash buffer (1 ml per wash) and eluted with 

either SDS-PAGE or glycine buffer as described below.

For SDS-PAGE, proteins were eluted from beads by boiling for 10 min in 40 μl SDS-PAGE 

buffer (100 mM Tris-Cl buffer at pH 6.8 with 2 % [w/v] SDS, 10 % [v/v] glycerol, 0.6 

mg·ml-1 bromophenol blue). Sample (20 μl) was separated by 12 % SDS-PAGE at 200 V for 

40 to 50 min. Gels were stained with SYPRO Ruby according to manufacturer's protocol 

(BioRad) or developed with AP-linked α-FLAG M2 monoclonal antibody as described 

above. Gels were imaged on a BioRad XR imager and gel pieces were cut manually for 

mass spectrometry analysis by QSTAR and QTRAP (see below for details).

For glycine elution, 100 μl of 0.1 M glycine-HCl buffer at pH 2.5 was added to the protein-

bound agarose beads and gently rocked (5 min at room temperature). The agarose beads 

were centrifuged (8,500 × g, 30 sec at room temperature), and the supernatant was added to 

a sterile 1.5 ml microcentrifuge tube that contained 20 μl of 1M Tris-HCl buffer at pH 8.0 

supplemented with 1M NaCl. The addition of 0.1 M glycine-HCl buffer at pH 2.5 was 

repeated twice to maximize elution from the beads, and eluted proteins were collected in the 

same 1.5 ml microcentrifuge tube.

FLAG column elution

A polypropylene column (0.5 × 5 cm2; BioRad) was packed with α-FLAG M2 agarose to a 

total bed volume of 0.5 ml, as directed by the manufacturer (Sigma). After preparation of the 

resin, the column was equilibrated with 10 column volumes of TBS (50 mM Tris-HCl, 150 

mM NaCl, pH 7.4). Clarified lysate (1 ml) (prepared as described above) was applied to the 

column (4 ×) and washed with 20 column volumes of TBS. Bound proteins were eluted with 

five column volumes of TBS containing 1× FLAG peptide (Sigma) at 100 μg/ml. Eluted 

proteins were collected in nine fractions (∼300 μl each). The column was regenerated 

immediately after use with three column volumes of 0.1 M glycine-HCl, pH 3.5, re-

equilibrated with 13 column volumes of TBS, and stored in TBS with 50% [v/v] glycerol 

and 0.02% [w/v] sodium azide, as directed by the manufacturer (Sigma). All buffers were 

filtered with a 0.45 μm surfactant-free cellulose acetate (SFCA) filter (Nalgene Nunc) prior 

to use.
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Mass spectrometry

SAMP-conjugates were identified from SYPRO-Ruby stained SDS-PAGE gels by mass 

spectrometry using a QTRAP triple quadrupole ion-trap mass spectrometer and a QSTAR 

quadrupole time-of-flight mass spectrometer with an inline capillary reverse-phase high-

performance liquid chromatography (HPLC) separation of protein digests (UF ICBR 

Proteomics Division). A PepMap™ C18 column (75-μm inside diameter, 15-cm length; LC 

Packings, San Francisco, CA) was used for reverse-phase separation in combination with an 

Ultimate capillary HPLC system (LC Packings) operated at a flow rate of 200 nl·min-1 with 

a 60-min gradient from 5 to 50 % (v/v) acetonitrile in 0.1% (v/v) acetic acid. In-gel proteins 

were extracted by successive washes of gel slices in acetonitrile to a final volume of 100 μl. 

Extracted proteins were dried under vacuum centrifugation. The resulting desiccant was 

suspended in 100 μl of 50 mM NH4HCO3 (pH 7.5). Samples were reduced by the addition 

of 5 μl of 200 mM dithiothreitol (DTT solution) for 1 h at 25 °C. Samples were alkylated by 

the addition of 4 μl of 1 M iodoacetamide for 1 h at 25 °C. Alkylation was stopped by the 

addition of 20 μl of DTT solution. Samples were digested with a 1:20 mg ratio of trypsin or 

AspN to protein for 18-24 h at 37 °C. Digested peptides were purified using 300 μl C18 spin 

columns and dried under vacuum centrifugation. The resulting dessicant was resuspended in 

5 – 10 μl of 5 % ACN (loading buffer for HPLC).

Mapping of SAMPylation sites was performed as follows. H. volcanii (pJAM949, FLAG-

SAMP2) and (pJAM202c, vector alone) cells grown on complex medium (ATCC 974) to 

stationary phase were used for generation of cell lysate. Clarified lysate (1 ml) was bound to 

the α-FLAG agarose beads and eluted by glycine buffer or 1× FLAG peptide as described 

above. Eluted protein samples were diluted into 40 mM ammonium bicarbonate 

(NH4HCO3), reduced with 10 mM DTT for 1 hr at 56 °C, carboxy-amidomethylated with 55 

mM iodoacetamide for 45 min in the dark, and digested with 3 μg of trypsin (Promega) in 40 

mM NH4HCO3 overnight at 37 °C. After digestion, the peptides were acidified with 

trifluoroacetic acid (TFA) at a final concentration of 0.1 % TFA. Desalting was performed 

with C18 spin columns (Vydac Silica C18, The Nest Group, Inc.) and the resulting peptides 

were dried down in a Speed Vac and stored at -20 °C until analyzed. The peptides were 

resuspended with 19.5 μL of mobile phase A (0.1% formic acid, FA, in water) and 0.5 μL of 

mobile phase B (80% acetonitrile, ACN, and 0.1% formic acid in water) and filtered with 

0.2 μm filters (Nanosep, PALL). The sample was loaded off-line onto a nanospray tapered 

capillary column/emitter (360 × 75 × 15 μm, PicoFrit, New Objective) self-packed with C18 

reverse-phase (RP) resin (10.5 cm, Waters) in a nitrogen pressure injection cell for 10 min at 

1000 psi (∼5 μL load) and separated using a 160 min linear gradient of increasing mobile 

phase B at a flow rate of ∼200 nL/min directly into the mass spectrometer. LC-MS/MS 

analysis was performed on a LTQ Orbitrap XL ETD mass spectrometer (ThermoFisher, San 

Jose, CA) equipped with a nanospray ion source. A full FTMS (Fourier transform mass 

spectrometry) spectrum at 30,000 resolution was collected at 250-2000 m/z followed by 6 

data dependent MS/MS spectra in ITMS (Ion trap mass spectrometry) of the most intense 

ion peaks following CID (36 % normalized collision energy). For the parent mass list 

method, 5 data dependent MS/MS spectra from the full FTMS were activated in the most 

intense ion peaks from parent mass list following 36% CID. The parent mass width was set 

up ± 20.0 ppm. To obtain the parent mass list, the identified protein sequences were 
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theoretically digested by trypsin allowing to one internal miss cleavage. The masses of 

theoretical tryptic peptides were allowed for dynamic modifications with the masses of 

oxidized methionine, alkylated cysteine, and two glycines on lysine (15.9949, 57.0215 and 

114.0429 Da) respectively and then calculated with up to quintuply charge states. The 

masses were selected between 250-2000 m/z at each charge state for the parent mass list.

MS Data Analysis

SAMP-conjugate peptides were identified from the MS data using MASCOT algorithms44 

that searched a custom, non-redundant database based on the hypothetical proteome of 

translated open-reading frames from the H. volcanii genome (April 2007 version, http://

archaea.ucsc.edu/). Probability-based MOWSE scores were estimated by comparison of 

search results against estimated random match population and are reported as ∼10 × 

log10(p), where p is the absolute probability. Individual ion scores greater than 22 indicates 

identity or extensive homology (p<0.05). Carbamidomethylation was used as a fixed 

modification due to sample preparation. Variable modifications that were searched included 

deamidation of asparagines and glutamine, oxidation (single and double) of methionine, 

glycine-glycine addition on lysine, thiocarboxylation of C-termini, and pyro-glutamine of N-

terminal glutamine.

Data generated for site mapping of SAMP2-protein conjugates was searched against the H. 

volcanii sequence database containing the common contaminants database using the 

TurboSequest algorithm (BioWorks 3.3.1 SP1, Thermo Fisher Scientific, Inc.). Spectra with 

a threshold of 15 ions, a TIC of 1 × 103, and a mass range of [MH]+ = 500-5000 m/z were 

searched. The SEQUEST parameters were set to allow 30.0 ppm of precursor ion mass 

tolerance and 0.5 Da of fragment ion tolerance with monoisotopic mass. Only fully tryptic 

peptides were allowed with up to three missed internal cleavage sites. Dynamic mass 

increases of 15.9949, 57.0215, and 114.0429 Da were allowed for oxidized methionine, 

alkylated cysteine, and two glycines on lysine residue respectively. Proteins identified by 

more than two peptides were only considered to be statistically significant at ≥ 1% false 

discovery rate (FDR) using the ProteoIQ software package (BIOINQUIRE, GA). The 

fragmentations of all peptides containing an internal Gly-Gly modified lysine residue were 

subjected to manual validation.

Protein sequences

All H. volcanii protein sequences described in this study are included with gene locus tag 

numbers as supplemental information. The following protein sequences were also described: 

ScUb (P61864); ScUrm1 (P40554); EcMoaD (CAA49864); EcThiS (O32583); ScUba4p 

(P38820); HsMOCS3 (O95396); EcMoeB (P12282); ScYor285W (Q12305); ScYor251c 

(Q08686); EcSseA (P31142); EcMoaE; (P30749); HsMOCS2B (O96007); BsMobB 

(O31704) (GenBank or Swiss-Prot accession numbers in parenthesis; Sc, Saccharomyces 

cerevisiae; Ec, E. coli; Bs, Bacillus subtilis; Hs, Homo sapiens).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Multiple amino acid sequence alignment of the C-termini of Ub, Urm1 and PUP to 
select di-glycine motif proteins of H. volcanii
C-terminal di-glycine motifs are shaded in red. Identical and similar amino acids are shaded 

in black and grey, respectively. Amino acid length of protein and membership in the Ub/

ThiS/MoaD β-grasp superfamily are indicated. HVO, Haloferax volcanii; Sc, 

Saccharomyces cerevisiae; Mt, Mycobacterium tuberculosis; Hvo2619, SAMP1; Hvo0202, 

SAMP2.

Humbard et al. Page 15

Nature. Author manuscript; available in PMC 2010 July 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. SAMP1 and SAMP2 are differentially conjugated to proteins and influenced by 
nitrogen-limitation
a) α-FLAG immunoblot of SAMP1 and SAMP2 expressed as N-terminal FLAG-tagged 

fusions in H. volcanii cells grown on complex medium (CM). b) FLAG-SAMP fusions 

similarly expressed and analyzed from cells grown on CM, glycerol minimal medium 

(GMM), GMM supplemented with alanine (+ Ala) and GMM + Ala devoid of NH4Cl (+ N-

limitation). All details on experimental procedures and strains are available as supplemental 

data.
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Figure 3. SAMP-conjugates are altered by proteasomal gene knockout
a-c) α-FLAG immunoblot of SAMP1 expressed as an N-terminal FLAG-tagged fusion in H. 

volcanii wild type and protease mutant strains grown under nitrogen-limiting conditions 

with 2.5 M NaCl or 1.5 M NaCl as indicated. d) SAMP2 was similarly expressed and 

analyzed in wild type and mutant strains. SAMP1-conjugate levels of ΔpsmA and ΔpanA 

ΔpanB mutant strains were similar to wild type, and SAMP-conjugates were not detected in 

strains with vector alone (data not shown). psmA (CP α1), panA and panB (Rpt-like AAA 

ATPases), HVO_1870 and HVO_1862 (site-2 type metalloprotease homologs).
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Figure 4. SAMP-conjugates are isolated by immunoprecipitation
SAMP1 ± ΔGG and SAMP2 ± ΔGG were expressed as N-terminal FLAG-tagged fusions in 

H. volcanii grown in complex medium (CM) and nitrogen-limiting conditions (− N). 

Proteins were immunoprecipitated with α-FLAG, boiled and separated by either: a) reducing 

12 % SDS-PAGE and analyzed by α-FLAG immunoblot or b) non-reducing 12 % SDS-

PAGE and stained for total protein by SYPRO Ruby. Molecular mass standards and range of 

gel slices excised for MS-analysis are indicated on left. H. volcanii with vector alone served 

as a negative control in all experiments including MS-analysis of gel slices.
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Figure 5. SAMP and SAMP-conjugates are related to sulphur-activation and ubiquitination 
pathways
SAMP1 and SAMP2 cluster to the β-grasp superfamily. HVO_0558 is related to Uba4p of 

the Urm1 pathway and molybdopterin (MPT) synthase sulphurases (e.g., MoeB, MOCS3). 

Although the RHD common to Uba4p is not conserved in HVO_0558 it is found in the gene 

neighbour HVO_0559. HVO_1864 is related to MoaE proteins that associate with β-grasp 

proteins to form active MPT synthases38,39 and MobB, a P-loop NTPase of MPT 

synthesis40. HVO_0025 is a dual RHD protein related to 3-mercaptopyruvate 

sulphurtransferases that form persulfide intermediates41,42 and ScYor251c of the Urm1 

pathway21.
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Figure 6. MS/MS spectra of SAMP2-conjugate sites
SAMP2-modification of: (a) HVO_2328 K90 based on mass difference between b2-22 and 

b2-23 ions and loss of Gly1-Gly2 at 1238.46 m/z from the b2-23 ion derived from the triply 

charged precursor ion. (b) HVO_0025 K162 based on mass difference between both ion 

series derived from the doubly charged precursor ion: (i) y4 and y5 ions and loss of Gly1-

Gly2 at 618.21 and 560.11 m/z, (ii) b7 and b8 ions and loss of Gly1-Gly2 at 976.06 m/z. (c - 

d) HVO_1727 K63 and K53. SAMP2 C-terminal diglycine (-Gly1-Gly2). Other MS/MS 

spectra, Supplementary Figure 2.
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