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Chapter 1 



General introduction

Post-translational modifications

Cellular homeostasis requires tight control of  protein activity, function, stability, and 

localization.  Eukaryotic cells have developed several strategies to exert such control 

over the proteome. A versatile strategy  involves the post-translational modification of 

proteins, i.e. the modification of  a protein after its synthesis by  the attachment of  an 

additional moiety. Such a moiety  can consist of  a small chemical group, as is  the 

case for phosphorylation, acetylation, and methylation, where a ‘phosphate’, ‘acetyl’, 

or ‘methyl’ group is conjugated to a substrate. Larger molecules, such as lipids or 

sugars, can also be attached to proteins,  as exemplified by  palmitoylation and 

gycosylation,  respectively. In addition to these, a substrate may  also be modified by 

the covalent attachment of  another polypeptide. In 1978,  the first polypeptide with 

the ability  to modify  other proteins was discovered: ubiquitin (Ub) (1, 2).  Alongside its 

identification, Ub was found to serve as a molecular tag to target proteins to the 

proteasome for degradation (1, 3, 4).  Since then, thousands of  substrates that are 

subject to Ub modification, or ubiquitylation, have been discovered. Although best 

known for its role in proteasomal degradation, ubiquitylation affects a wide variety  of 

processes, including endocytosis, membrane-protein trafficking, cell signaling, and 

DNA repair (5). 

Ubiquitin

Conjugation of  Ub to substrates involves a series of  enzymatic activities and results 

in the formation of  a covalent linkage between the C-terminus of  Ub and a lysine 

residue of  a target protein (5-8). Ub itself  contains seven lysine residues, and 

consequently  the C-terminus of  Ub can also conjugate to one of  these seven 

residues in another Ub molecule. This results in the formation of  a polyubiquitin 

chain on a substrate, and the nature of  the linkage between individual Ub moieties 

determines its function (6). For example, K48-linked polyubiquitin chains are 

commonly  associated with proteasomal degradation, while K63-linked polyubiquitin 

chains are generally  involved in intracellular trafficking and DNA repair (Table 1). 

Additional flexibility  and control is provided by  the action of  deubiquitylating enzymes 

(DUBs), which may  hydrolyze the isopeptide bond between Ub and its substrates, 

thereby altering the fate of the substrate and recycling free Ub (9). 

Ub is synthesized as a precursor protein and requires C-terminal proteolytic 

processing to generate the mature protein with an exposed diglycine motif  (9). This 

C-terminal diglycine motif  of  Ub is critical to its function, as it is this residue that 

forms a covalent isopeptide bond with the -amino group of  lysine residues. The C-

terminal glycine of  Ub is first  activated in an ATP-dependent manner by  an E1 

activating enzyme, followed by  the formation of  a thioester-linked Ub-E1 intermediate 

(5-8, 10). Ub is transferred to an E2 conjugating enzyme via a transesterification 

reaction, and the resulting Ub-E2 thioester associates with an E3 ligase that 

mediates the attachment of  Ub to its substrate. RING/U-box E3 ligases do so by   
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providing a binding platform that brings the Ub-E2 intermediate in close proximity  to 

a specific substrate and by  catalyzing the transfer of  Ub to this substrate (6,  10). In 

contrast, HECT (homologous with E6-associated protein C-terminus) E3 ligases 

accept Ub from the E2 and form a thioester intermediate with Ub, before transferring 

it onto a bound substrate (6, 10). In either case, however, the E3 ligase is required 

for recognition of  the specific  substrate, and while only  two Ub E1 enzymes have 

been found, the existence of  > 37 E2 enzymes and > 600 E3 ligases provides a wide 

range of  specificities, and explains Ub modification of  a large number of  diverse 

substrates (6). E3 enzymes that are involved in the extension of  a polyubiquitin chain 

are sometimes referred to as E4 enzymes (5). The enzymatic cascade involved in 

ubiquitylation is illustrated in Figure 1. 

Type of Ub l linkage Abundannce % Function   

  Yeast Human    

MonoUb  ND ND Endocytosis, DNA repaiir, signaling, transcriptioon

PolyUb K6 11 <0.5 Proteasomal degradatioon?, DNA repair?  

 K11 28 2 Proteasomal degradatioon in ERAD and cell cyccle

 K27 9 <0.5 Proteasomal degradatioon?  

 K29 3 8 Proteasomal? and lysossomal degradation, kinaase inactivation

 K33 3 <0.5 Kinase inactivation   

 K48 29 52 Proteasomal degradatioon, transcription  

 K63 17 38 Endocytosis, DNA repaiir, signaling  

 Linear ND <0.5 Signaling in NF B pathwway  

 Mixed ND ND K6/K27/K48 mixed chains on RING1B requiredd for activity

 Branched ND ND in vivo relevance?   

Table 1. Forms of ubiquitylation. The linkage type of Ub dictates the fate of the modified substrate. The 

relative abundance of each type of Ub linkage in S. cerevisiae and H. sapiens is included (5, 6, 97, 98).

Ubiquitin-like proteins 

About a decade after the discovery  of  Ub, an additional protein modifier was 

identified: interferon-stimulated gene 15 (ISG15) (11, 12).  As its name implies, the 

expression of  ISG15 is induced by  type I  interferons (IFN) secreted from virus-

infected cells. Conjugation of  ISG15 involves an enzymatic cascade that resembles 

ubiquitylation,  and the expression of  its E1 (UBE1L), E2 (UBCH8),  E3 (HERC5) and 

deISGylase (UBP43) is IFN-inducible as well (13, 14). ISG15 is conjugated to 

proteins of  both host and viral origin. The importance of  ISG15 in antiviral immunity 

is underlined by  two findings. First, ISG15-deficient mice are sensitive to infection 

with several viruses, including Sindbis virus, Influenza A and B virus, herpes simplex 

virus type 1 (HSV-1) and murine gammaherpesvirus 68 ( HV68) (13, 14). Secondly, 

the identification of  viral factors that antagonize ISGylation suggests that conjugation 

of  ISG15 is detrimental to viral replication and therefore a target for viral immune 

evasion (13). 
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Figure 1. The ubiquitin-conjugation pathway. The C-terminal glycine of Ub is adenylated by an E1 
activating enzyme. Activated Ub is subsequently transferred to an E2 conjugating enzyme via a 

transesterification reaction. The Ub-E2 thioester asscociates with an E3 ligase, which transfers Ub onto a 
lysine residue in either the substrate or in the growing polyubiquitin chain. Deubiquitylating enzymes may 

remove Ub molecules from the substrate. Adapted from (5).

ISG15 was the first protein of  a family  of  Ub-like proteins (UBLs) to be discovered, 

and over the last  20 years this family  has expanded and now encompasses at least 

20 members (5, 15,  16). Ub and UBLs are related in sequence and, most 

importantly, in three-dimensional structure, i.e.  all Ub family  members adopt a -

grasp fold (Figure 2) (5, 15). Most UBLs contain a glycine or diglycine motif  at their 

C-terminus, which may  or may  not require proteolytic processing for exposure (15). 

The majority  of  UBLs is conjugated to proteins via an E1-E2-E3 cascade that 

resembles ubiquitylation, and although the nature of  the individual enzymes is 

different, many  of  these are, at least to some extent, evolutionary  related to each 

other (17, 18). Most UBLs have fewer substrates than Ub, and therefore require a 

more limited number of  E2 conjugating enzymes and E3 ligases, and may  have a 

more restricted function. However, the modification of  certain substrates with multiple 

Ub/UBL moieties (e.g. p53, which is ubiquitylated, sumoylated, and neddylated) 

complicates functional analysis of  Ub/UBL pathways and points to an intricate 

relationship between different conjugation systems (19). The properties and 

components of known UBL pathways are summarized in Table 2.

Chapter 1 | General introduction
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Figure 2. The Ub family. All members of the Ub family adopt a -grasp fold that is characterized by a -
sheet with 5 anti-parallel -strands (strand order 21534) and a helical segment (94). The exposed C-terminal 

(di)glycine is pointing upwards. The Ub family can be subdivided in protein modifiers, lipid modifiers, and 
sulfur carriers that bear a thiocarboxylate at their C-terminus.

The two most studied UBLs are SUMO (small ubiquitin-related modifier) and NEDD8 

(neural precursor cell-expressed developmentally  downregulated-8). While yeast and 

invertebrates have a single SUMO-encoding gene,  vertebrates express four isoforms 

of  SUMO (SUMO1-4) (20, 21).  The majority  of  SUMO substrates localize in or near 

the nucleus, including Ran GTPase-activating protein (RanGAP1), the first and one 

of  the most predominant substrates identified for SUMO (20-22). Sumoylation of 

RanGAP1 enables it  to bind the nucleoporin RanBP2 and thereby  alters its 

localization from the cytosol to the nuclear pore (23). NEDD8 is most homologous to 

Ub (58%) and is essential for viability  in most organisms, except S. cerevisiae (24, 

25). A limited number of  NEDD8 substrates have been described, but include all 

members of  the cullin family. Cullins are scaffold proteins for the assembly  of 

multicomponent E3 ligases. Neddylation of  cullins may  regulate the activity  or 

assembly  of  these E3 complexes, suggesting an intriguing relationship between 

neddylation and ubiquitylation (24, 25). The autophagy-related Atg8 and Atg12 are 

ubiquitin-like proteins that function in autophagosome formation. Both Atg8 and 

Atg12 have a single substrate, and their conjugation system is therefore relatively 

simple and involves few enzymes (26). The C-terminal chemistry  of  Atg8 is unusual, 

as Atg8 is attached to the lipid phosphatidylethanolamine (PE) rather than a 

proteinaceous substrate (27). Humans have at least six isoforms of  Atg8 (Table 2), 

but how these isoforms differ in mechanism and function is unclear.
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Several UBLs remain poorly  characterized. FAT10 (F-adjacent transcript 10) and 

Ufm1 (ubiquitin-fold modifier 1) conjugate to proteins but no substrates have been 

identified so far (15, 28). FUB1 (Fau ubiquitin-like 1) is synthesized as fusion with a 

ribosomal protein and processed to yield a UBL with a C-terminal diglycine motif 

(15). Only  two targets of  FUB1 have been identified to date, i.e. the pro-apoptotic 

Bcl-G and the endocytic endophilin II  (29, 30). Whether Ubl5 is true protein modifier 

also requires further investigation; while some groups reported modification of  the 

polarity  factors Sph1 and Hbt1 by  the yeast homolog of  Ubl5 via an uncommon 

mechanism involving its C-terminal dityrosine motif,  others found no evidence for 

such conjugation (31-33).  Finally, the discovery  of  the ubiquitin-related modifier 

Urm1, its unusual C-terminal chemistry, and its dual function in tRNA thiolation and 

protein modification, had a major impact on the understanding of  the evolutionary 

origin of  the eukaryotic Ub/UBL protein modification system as will be extensively 

discussed in this thesis. 

Evolution of the Ub/UBL modification system

Ub and most UBLs (with the exception of  ISG15, Fat10, Ufm1, and Fub1) are highly 

conserved across all eukaryotic species (Table 2). The absence of  Ub ancestors in 

prokaryotes remained puzzling until recently  (34). In the nineties, studies on 

molybdopterin and thiamine (vitamin B1) synthesis in prokaryotes revealed a 

remarkable similarity  between these biosynthetic pathways and Ub modification. 

Molybdopterin is a component of  molybdenum cofactor (MoCo). MoCo and thiamine 

are used as cofactor by  several enzymes. One of  the key  steps in the synthesis of 

molybdopterin and thiamine involves the transfer of  a sulfur atom from a sulfur donor 

to MPT precursor Z or thiazole, respectively  (35, 36). The sulfur donors required for 

these reactions,  MoaD and ThiS, contain a C-terminal diglycine motif  that is 

derivatized by  the enzymatic activity  of  MoeB or ThiF respectively,  to contain a sulfur 

atom in the form of  a thiocarboxylate  (Figure 3) (37-39) Structural analysis of  MoaD 

and ThiS demonstrated that both sulfur donors adopt a -grasp fold that is common 

to Ub and UBLs (40, 41).  Together with their C-terminal diglycine motif  and moderate 

sequence similarity  with Ub,  these data provided the first link between the 

prokaryotic sulfur carriers and the eukaryotic Ub/UBL modification pathway. 

Additional evidence for such a connection was provided by  mechanistic and 

structural similarities between the ATP-dependent activation of  Ub,  MoaD, and ThiS 

by  their respective enzymes (42-44). However, after adenylation, MoaD-MoeB and 

ThiS-ThiF form an acyl-disuphide intermediate, rather than a thioester as observed 

between Ub and its E1 (43-45) (Figure 3).  The enzymes responsible for such 

activation, Uba1 (Ub activating enzyme, E1), MoeB, and ThiF, are evolutionary 

related and contain a conserved sequence motif  around their active site (17, 42). On 

the basis of  these findings, the prokaryotic  sulfur carriers and their sulfurtransferases 

were proposed to be ancestors of the eukaryotic Ub/UBL modification system. 
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Figure 3. Ubiquitin, ubiquitin-like modifiers and sulfur. Ub, ThiS, and Urm1 require the C-terminal 
diglycine motif for their function, as well as an E1 or E1-like enzyme for their ATP-dependent activation. Ub is 
attached in isopeptide linkage to a lysine residue in a target protein via a series of thioester intermediates 

that involve  E1 and E2 (and E3) enzymes. The C-terminus of ThiS is derivatized to a thiocarboxylate, and 
functions as sulfur carrier in thiamine synthesis in prokaryotes. The C-terminus of Urm1 is also modified with 

a thiocarboxylate. It functions as sulfur carrier in thiolation of tRNA molecules, and as protein modifier during 
conditions of oxidative stress. Thus, Urm1 integrates the functions of both prokaryotic sulfur carriers, as well 
as eukaryotic protein modifiers. Adapted from (95, 96).

The ubiquitin-related modifier Urm1 

The evolutionary  connection between the prokaryotic  molydopterin/thiamine 

biosynthetic pathway  and the eukaryotic Ub/UBL system was further underscored by 

the identification of  the ubiquitin-related modifier Urm1. This UBL was identified in 

2000, when the group of  Yoshinori Ohsumi used the sequence of  MoaD and ThiS for 

a PSI BLAST analysis using a S. cerevisiae database (46). This  99-amino acid 

protein is conserved from S. cerevisiae to H. sapiens. The sequence of  yeast Urm1 

showed considerable identity  to MoaD (23%) and ThiS (20%) (46). In addition, 

structural analysis showed that  Urm1 adopts a -grasp fold and that, of  all Ub family 

Chapter 1 | General introduction
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members,  yeast and murine Urm1 have most conserved the structural features of 

the ancient sulfur carriers (Figure 2) (47-49). Furthermore, yeast-two-hybrid analysis 

using Urm1 as bait led to the identification of  Uba4, the N-terminal domain of  which 

shows significant  similarity  with both Uba1 and E. coli MoeB and E. coli ThiF (46). 

Thus, Urm1 is closely related to the prokaryotic sulfur carriers MoaD and ThiS. 

Urm1  and uba4  yeast strains are viable, although sensitive towards a variety  of 

stress factors, such as starvation,  oxidative stress, and temperature shifts (Table 3) 

(46, 50, 51). In addition, combined loss of  Cla4 and Urm1 or Uba4 is lethal in S. 

cerevisiae (51). Cla4 is a p21-activated kinase and a Cdc42 activator that is linked 

with polarized cell growth and cytokinesis. Urm1 /cla4  double mutants have a 

mislocalized septin, but the nature of  this phenotype and the link between Urm1 and 

Cla4 remains unclear (51). Despite the evolutionary  relationship between Urm1 and 

the prokaryotic sulfur carriers, initial work on Urm1 focused on its  potential role as 

protein modifier,  and the peroxiredoxin Ahp1 was identified as substrate for 

urmylation in S. cerevisiae (50).

S. cerevisiae Phenotype

urm1 Stress sensitivity*

uba4 Stress sensitivity*

Defect in pseudohyphal development upon starvation

urm1 uba4 Temperature sensitivity

Diamide sensitivity

ncs2 Stress sensitivity*

NaCl sensitivity

Slow adaptation to alternative carbon source

ncs6 Stress sensitivity*

urm1 cla4 Lethal

uba4 cla4 Lethal

ncs2 cla4 Lethal

ncs6 cla4 Lethal

elp3 ncs6 Lethal

S. pombe  

ncs2 Temperature sensitivity

Aberrant ploidy at high temperatures

ncs6 Temperature sensitivity

Aberrant ploidy at high temperatures

C. elegans  

tuc-1 Temperature sensitivity

Defect in germline maturation at elevated temperatures

elpc-1 tuc-1 Lethal/defect in embryonic development

elpc-3 tuc-1 Lethal/defect in embryonic development

Table 3. Phenotypes of several organisms with a defect in the Urm1 pathway. *Stress-sensitivity 

includes: temperature, diamide, rapamycin, and caffeine sensitivity, and a defect in invasive growth and 
pseudohyphal development upon starvation.
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Thiocarboxylation of Urm1

As described in Chapter 2,  the homology  between Urm1 and the prokaryotic sulfur 

carriers  MoaD and ThiS prompted us to investigate the chemical nature of  the C-

terminus of  Urm1 by  mass-spectrometry. Our work,  as well as that of  others, 

revealed the presence of  a thiocarboxylate at the C-terminal glycine of  Urm1, an 

observation that reinforced its evolutionary  relationship with prokaryotic sulfur 

carriers  (Figure 3) (52-54). Thiocarboxylation of  Urm1 requires the activity  of  its E1-

like enzyme Uba4 (molybdenum cofactor synthesis 3, MOCS3 in H. Sapiens) 

(Figure 4) (52, 55, 56). Dimeric forms of  both Urm1 and Uba4 have been reported 

and together are likely  to form a heterotetremeric (Uba4-Urm1)2 complex (49, 55). 

The N-terminal domain of  Uba4/MOCS3 is homologous to E. coli MoeB and contains 

a nucleotide-binding domain that is required for activation of  Urm1 by  formation of  an 

acyl-adenylate intermediate between the C-terminus of  Urm1 and AMP (53, 55). The 

C-terminal domain of  Uba4/MOCS3 contains a rhodanese-like domain (RLD). 

Rhodaneses are sulfurtransferases, and the RLD of  Uba4/MOCS3 is involved in the 

transfer of sulfur to the activated C-terminal glycine of Urm1 (55, 57). 

Nfs1 has been identified as an L-cysteine desulfurase that  binds the RLD of  Uba4/

MOCS3 and transfers sulfur from L-cysteine onto the active site cysteine of  Uba4 

(Cys397) or MOCS3 (Cys412) in the form of  a persulfide  (Figure 4) (56, 58). This 

persulfide will form an acyl-disulfide intermediate with activated Urm1 (55). Although 

not formerly  demonstrated, a cysteine in the N-terminal domain of  Uba4 (Cys225) or 

MOCS3 (Cys239) has been proposed to release thiocarboxylated Urm1 by  reductive 

cleavage of the acyl-disulfide linkage (55). 

Figure 4. Thiocarboxylation of the C-terminal glycine of Urm1. Sulfur derived from cysteine is mobilized 
by the cysteine desulfurase Nfs1. The persulfide on Nfs1 is transferred to Cys412 of MOCS3. MOCS3 
adenylates the C-terminal glycine of Urm1 and forms an acyl disulfide intermediate with Urm1. Cys239 may 

be required for the reductive cleavage of this acyl disulfide intermediate, resulting in the formation of 
thiocarboxylated Urm1.
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While yeast do not express molybdoenzymes and therefore do not possess a 

molybdopterin biosynthetic pathway, other eukaryotic cells have a designated 

pathway  for the synthesis of  molybdopterin.  Human molybdenum cofactor synthesis 

2A (MOCS2A) is 26% similar to human Urm1and functions as sulfur donor in 

molybdopterin synthesis. The C-terminal glycine of  MOCS2A is thiocarboxylated by 

MOCS3 in a similar manner as described for Urm1 (55-57).

Urm1 in tRNA thiolation

The observation that the C-terminus of  Urm1 is thiocarboxylated was of  crucial 

importance in the elucidation of  its role. What could be the function of  the sulfur 

carrier Urm1? A role of  Urm1 in thiamine and molydopterin synthesis seemed 

unlikely, since eukaryotes do not synthesize thiamine, and use a designated sulfur 

carrier in the molybdopterin biosynthetic pathway  (MOCS2A). As described 

extensively  in Chapter 2 a proteomic approach led us to the identification ATPBD3 

(ATP binding domain 3), an uncharacterized protein that is differentially  expressed in 

certain cancers (54, 59). Around the same time, several other groups found a link 

between Urm1 and the yeast homolog of  ATPBD3, i.e. Ncs6 (needs Cla4 to survive 

6), by  genetic and/or biochemical analysis (52, 53, 60). Ncs6 contains a PP-loop 

ATPase domain, a common domain in tRNA modifying enzymes (54). This provided 

the first link between thiocarboxylated Urm1 and tRNA modification.

In all kingdoms of  life, tRNA species are extensively  modified with diverse chemical 

groups.  One such modification is commonly  found on uridine molecules in the 

wobble position of  the anticodon of  tRNALys(UUU), tRNAGlu(UUC), and tRNAGln(UUG). 

Uridines in this position are universally  modified, and the chemical groups that occur 

most frequently  at U34 are a methoxy-carbonyl-methyl modification at the 5’ position 

(mcm5), and a thiocarbonyl group at the 2’ position (s2) of  the uracil ring (Figure 5) 

(61, 62). The enzymatic pathway  responsible for the mcm5 modification is  well-

defined,  and involves the Elongator complex (composed of  Elp1-6), Kti11-14, the 

Sit4 complex, and Trm9 (AlkB in humans) (63-66). The first enzyme implicated in 

thiolation of  U34 was Ncs6,  based on its homology with bacterial protein TtcA that is 

involved in the synthesis of  2-thiocytidine in position 32 of  the tRNA (s2C32) (67). 

Indeed,  deletion of  Ncs6 in S. cerevisiae or S. pombe prevented thiolation of 

tRNALys(UUU),  tRNAGlu(UUC),  and tRNAGln(UUG),  while the mcm5 modification occurred as 

normal (67, 68). Likewise, we and others demonstrated that genomic loss of  yeast 

Urm1, Uba4, or Nfs1 as well as shRNA-mediated depletion of  human Urm1 or 

ATPBD3 results in a strong reduction in thiolation of  tRNAs (Chapter 2) (52-54, 60, 

69). In addition, analysis of  urm1 , uba4 , and ncs6  yeast strains revealed their 

resistance to treatment  with the Kluyveromyces lactis -toxin, a toxin that specifically 

cleaves mcm5s2-modified, but not unmodified, tRNAs and causes G1 cell cycle arrest 

(63). Thus, the Urm1 pathway is conserved and functional from yeast to human, and 

is required for the thio-modification of certain cytsolic tRNA species. 
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The Urm1 pathway is confounded by  the existence of  alternative gene names for 

many  of  its components (Table 4), but reconstructed in the following section for S. 

cerevisiae.  Urm1 is thiocarboxylated by  the upstream sulfurtransferases Nfs1 and 

Uba4.  Thiocarboxylated Urm1 functions as sulfur donor and interacts with Ncs6, 

which in turn binds and adenylates the tRNA moiety, and likely  mediates the transfer 

of  sulfur from the C-terminus of  Urm1 to the tRNA (68, 69). In addition, two additional 

components of  the tRNA thiolation pathway  have been identified. Tum1 (tRNA 

thiouridine modification protein 1, also known as yor251c) was identified in S. 

cerevisiae and belongs to the family  of  mercaptopyruvate sulfurtransferases (52,  53, 

63). Tum1 contains two RLDs and, similar to Uba4, may  receive a sulfur group from 

Nfs1 and form a persulfide at its catalytic Cys259 (53).  Tum1 is likely  to function 

downstream of  Nfs1 and upstream of  Uba4, however, additional work is needed to 

clarify  its precise location and function in the Urm1 pathway. In addition, loss of  the 

cytosolic thiouridylases Ncs2 abrogates tRNA thio-modification as well (52, 53, 60, 

68). Ncs6 and Ncs2 form a heterodimeric complex, but the function of  Ncs2 in this 

complex has not been determined (54, 68). In prokaryotic species thiouridine 

formation requires a similar sulfur-relay  pathway  that,  although composed of  different 

components, functions in an analogous manner to the Urm1 pathway (70, 71). 

Figure 5. Modification of the wobble uridine. U34 in tRNALys(UUU), tRNAGlu(UUC), and tRNAGln(UUG) is modified 
with a methoxy-carbonyl-methyl at the 5’ position of the uracil ring (mcm5), and a thiocarbonyl group at the 2’ 
position (s2).

With the exception of  Nfs1, most components of  the Urm1 pathway  are required for 

s2 modification of  cytosolic, but not mitochondrial,  tRNA molecules (52, 53). MTU1 

(mitochondrial tRNA-specific 2-thiouridylase) is the mitochondrial equivalent of  Ncs6, 

but the sulfur donor in the mitochondrial thiolation pathway  has not been identified 

(72). Mitochondrial tRNALys(UUU) is modified with 5-taurinomethyl-2-thiouridine 

Chapter 1 | General introduction
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( m5S2U34) (72). Patients with the mitochondrial encephalomyopathy  MERFF 

(myoclonus epilepsy  associated with ragged-red fibers) bear a mutation (A8344G) in 

the T-arm of  mitochondrial tRNALys(UUU) gene (73). This mutation prevents 

modification of  the wobble uridine, and consequently  codon reading and 

mitochondrial protein synthesis is hindered, resulting in the associated pathology 

(73). Although mutations that affect thiolation of  cytosolic tRNA species have not 

been reported, the A8344G mutation in MERFF patients illustrates the dramatic 

effect that lack of  a small post-transciptional modification may  have. Similarly, 

mutations in Elongator subunit 1 and 3 (Elp1, Elp3) are associated with the 

hereditary  neuropathies familial dysautonomia (FD) and amyotrophic lateral sclerosis 

(ALS), respectively  (74-76).  In yeast, mutations in the Elongator complex lead to 

defects  in transcription, exocytosis, and mcm5 modification, although the former two 

phenotypes may  be caused indirectly  by  defective tRNA modification (76, 77).  Thus, 

alterations in post-transcriptional modifications of  tRNA likely  underlie the pathology 

of FD and ALS. 

S. cerevisiae S. pombe C. elegans H. sapiens

Nfs1 Nfs1 F13H8.9 Nfs1

Yor251c/Tum1 SPCC4B3.01 H12D21.7 MPST

Uba4 SPAC2G11.10c uba-4/moc-3 MOCS3

Urm1 Urm1 urm-1 Urm1

Ncs6/Tuc1 Ctu1 ctu-1/tut-1/tuc-1 ATPBD3

Ncs2/Tuc2 Ctu2 ctu-2/tut-2 UPF0432

Table 4. Alternative gene names for components of the Urm1 pathway in different organisms. Gene 
products that are not further characterized are listed with their gene symbol.

Functional implications of tRNA thiolation

More than 70 chemical modifications are found on tRNA molecules, with an average 

of  eight modifications per tRNA (61, 78). The function of  these modifications is highly 

variable and dependent on the chemical nature of  the modification, its  location within 

the tRNA, the tRNA species, and even on the organism. The occurrence of  multiple 

modifications on a single nucleotide (e.g. mcm5s2) complicates functional analysis 

even further. 

Post-transcriptional modifications that are found outside the anticodon stem and loop 

domain (ASL) often contribute to stability  or folding of  the tRNA (78, 79). For 

example, in thermophilic bacteria such as Thermus thermophilus, thiolation of  a 

nucleotide in the T arm of  the tRNA (s2T54) increases the melting temperature of  the 

tRNA and is required for growth at high temperatures (70). However, not all 

modifications in this region are equally  important, and the low specificity  of  some 

tRNA modifying enzymes contributes to a high number of  modifications that are of 

minor significance. In contrast, modifications within the ASL have significant effects 

on the efficiency  and fidelity  of  translation, and the enzymes responsible for these 
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modifications are often highly  specific (78). The two most frequently  modified 

nucleosides are found in position 34 (the wobble position) and position 37 (adjacent 

to the anticodon) (62). 

Several different modifications are found at  uridines in the wobble position, and 

unmodified U34 can not stably  bind to codons on the ribosome (62). Consequently 

almost no tRNAs have an unmodified U34. Indeed, the “U-turn” structural motif  of  the 

ASL is required for proper binding to the ribosome, and the modification of  U34 has 

been shown to restrain the motional dynamics of  the ASL and order the architecture 

of  the “U-turn” (61, 80-82).  As a result, modification of  U34 improves base stacking at 

the codon-anticodon interface of  the ribosome (61, 80-82). In addition, stabilization of 

the ASL by  modification of  U34 improved translocation of  tRNA from the ribosomal 

aminoacyl (A) site to the peptidyl (P) site in E. coli (83).  Finally, the mcm5s2 

modification of  U34 reinforces base pairing to A- and G-ending codons, and restricts 

wobbling to pyrimidines (61, 82, 84-86).  Thus, mcm5s2U34 allows translation of  a two-

fold degenerate codon. Of  note, whether eukaryotic tRNALys(UUU), tRNAGlu(UUC), and 

tRNAGln(UUG) indeed participate in U-G wobbling remains unclear (84).

What  is the net effect  of  the mcm5s2U34 modification on translational fidelity  and 

efficiency? Few studies have addressed this question, and although translation of  a 

reporter construct was reduced in S. pombe or C. elegans strains with a deficiency  in 

the mcm5 or s2 pathway, the effect on translation of  endogenous proteins remains 

undetermined (68, 87). 

As summarized in Table 3,  most components of  the tRNA thiolation pathway  are not 

essential,  although lack of  any  of  these components affects viability  during stress 

conditions (46, 50, 51, 77,  88). Likewise, deletion of  components of  the mcm5 

modification pathway  restricts growth, but does not affect viability  (89-92). However, 

the combined deletion of  Ncs6 and an Elongator subunit  is lethal in both S. 

cerevisiae and in C. elegans (67, 87). This additive effect is surprising, since the 

absence of  the mcm5 modification at the 5’ position of  the uracil ring inhibits, 

although not  completely  abolishes, s2 formation (53, 60). Overexpression of 

unmodified tRNA molecules rescues the lethality  of  the ncs6 /elp3  double mutant 

in C. cerevisiae and partially  restores growth in urm1 , uba4 ,  ncs2  and ncs6  

single mutants (52). In S. pombe, deletion of  the Ncs6 and Ncs2 homologues (ctu1  

and ctu2  respectively), leads to altered morphology, aberrant ploidy. and 

thermosensitivity  (68). Deletion of  the worm counterpart of  Ncs6 (Tuc1) results in 

failed embryogenesis at high temperatures (87). The consequences of  a defect in 

tRNA thiolation have not been investigated in higher eukaryotes. In Chapter 4 we 

therefore studied the phenotype of  a transgenic mouse model with a deficit in the 

Urm1 pathway.
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Protein modification by Urm1: urmylation

The role of  Urm1 as sulfur donor in tRNA thiolation pathway  is now well-defined. 

However, although a few early  studies in yeast reported conjugation of  Urm1 to 

substrates,  the peroxiredoxin Ahp1 was the only  substrate identified in yeast, and the 

chemistry  of  its conjugation to Urm1 was not explored (50).  The function of  Urm1 as 

protein modifier remained therefore unclear. In Chapter 3, we investigate protein 

modification by  Urm1 in both S. cerevisiae and H. sapiens, and demonstrate that an 

oxidative environment triggers protein urmylation (93).  Conjugation of  Urm1 is thus a 

stress-dependent process and may  therefore additionally  explain the sensitivity  of 

Urm1- and Uba4-deficient yeast strains towards stressors such as the oxidant 

diamide. Urmylation requires its C-terminal thiocarboxylate, but resembles 

ubiquitylation in the formation of  a covalent, lysine-linked adduct (Figure 3) (93). 

Using a proteomic approach, we identified several targets  for urmylation in H. 

sapiens, thereby significantly extending the list of known substrates (93). 

Outline 

The dual role of  thiocarboxylated Urm1 in tRNA thiolation and protein modification 

underscores the notion that Urm1 is an evolutionary  intermediate that integrates the 

functions of  prokaryotic sulfur carriers with those of  the eukaryotic protein modifiers. 

The combined chemistry  of  both the MoaD/ThiS and the Ub/UBL pathway  allows 

Urm1 to exhibit  two, seemingly  unrelated, roles,  and sheds light on the evolution of 

the Ub/UBL protein modification pathway. In Chapter 2 and 3 we discuss the role of 

Urm1 in tRNA thiolation and protein modification,  respectively. In Chapter 4, we 

investigate the consequences of  a defect in tRNA thiolation and urmylation in a 

mouse model that expresses a dominant-negative variant of  Urm1. In Chapter  5,  we 

focus on a recently identified alternate isoform of Urm1.
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2  A functional proteomics approach links the 

 ubiquitin-related modifier Urm1 to a tRNA 

 modification pathway

Abstract

Urm1 is a highly  conserved Ubiquitin-related modifier of  unknown function. 

A reduction of  cellular Urm1-levels causes severe cytokinesis defects in 

HeLa cells, resulting in the accumulation of  enlarged multinucleated cells. 

To understand the underlying mechanism, we applied a functional 

proteomics approach and discovered an enzymatic activity  that links Urm1 

to a RNA modification pathway. Unlike Ubiquitin (Ub) and many  Ub-like 

modifiers,  which are commonly  conjugated to proteinaceous targets,  Urm1 

is activated by  an unusual mechanism to yield a thiocarboxylate 

intermediate that serves as sulfur donor in tRNA thiolation reactions. This 

mechanism is reminiscent of  that used by  prokaryotic sulfur carriers and 

thus defines the evolutionary  link between ancient Ubiquitin progenitors and 

the eukaryotic Ubiquitin/Ubiquitin-like modification systems.  
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Introduction

The covalent  attachment of  Ubiquitin (Ub) and Ubiquitin-like modifiers (Ubls) to 

target  molecules serves many  different functions: Ub and Ubls have been implicated 

in processes as diverse as protein degradation, modulation of  enzymatic activity, 

control of  subcellular localization, and mobilization of  defined subunits  from complex 

assemblies (1). Although the functional outcomes are quite diverse, most  if  not all 

Ubls  employ  a similar activation mechanism prior to conjugation to their targets. 

Accordingly, Ub/Ubls exhibit remarkably  similar structural properties,  a feature that 

also applies to the enzymatic activities that act on them. 

The Ub-like -grasp fold is the structural hallmark common to all representatives of 

the Ub family  (Fig. S1).  In the first of  several steps that constitute an enzymatic 

cascade,  Ub/Ubl is activated by  an activating enzyme (E1) to form an acyl-adenylate 

at the C-terminus. This is followed by  thioester formation with the active-site cysteine 

of  the E1 enzyme, and, eventually, further trans-esterification events to downstream 

activities (E2s and E3s).  The latter confer substrate specificity  to the process by 

conjugating the activated Ub/Ubl to its selected target (2, 3). Ub, NEDD8, SUMO-1, 

and other Ubls are ultimately  transferred to the -amino group of  a lysine residue in a 

proteinaceous target to yield an isopeptide-linked Ub/Ubl-conjugate. Atg8 and LC3 

are attached to phospholipids,  and other classes of  molecular targets might exist (1 

for a current review). 

Ub,  Ubls,  and the corresponding enzymatic cascades appear to be restricted to 

eukaryotes, although a number of  bacterial proteins adopt a Ub-like -grasp fold (4). 

ThiS and MoaD are the best characterized bacterial representatives of  this type. 

Both molecules show little if  any  sequence identity  to Ubls, but are structurally  similar 

to ubiquitin (Fig. S1). ThiS and MoaD are activated by  adenylation reactions, and the 

corresponding enzymatic activities, ThiF and MoeB, respectively,  are structurally 

similar to eukaryotic E1 enzymes (5-7). ThiS and MoaD can thus be considered as 

molecular ancestors of  the Ub system (4). Unlike eukaryotic Ubls, these proteins 

serve as sulfur carriers in thiamine and molybdopterin synthesis pathways, 

respectively.  Consequently  their mode of  action is distinct from that of  the canonical 

E2-E3 machinery. Instead, both ThiS and MoaD acquire an activated sulfur atom 

from ThiF/MoeB to yield a thiocarboxylate at their C-terminus, and downstream 

enzymatic activities are responsible for incorporation of  the sulfur into the precursors 

of the respective enzymatic cofactors (4, and refrerences cited therein). 

Furukawa et al. exploited the functional similarities between the prokaryotic and 

eukaryotic  systems by  using the Escherichia coli ThiS and MoaD as query 

sequences to search for homologous proteins in Saccharomyces cerevisiae. An 

uncharacterized open reading frame of  99 amino acids was identified and 

designated Urm1 (Ub-related modifier 1). Urm1 is  conjugated to yield high MW, 

supposedly  proteinaceous Urm1-adducts, a process that was termed urmylation. 
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Urmylation is dependent on Uba4, the putative E1-enzyme required for Urm1-

activation (8). To our knowledge, other Urm1-directed enzymatic activities have not 

been reported. 

What  is the function of  this enigmatic modifier? Urm1 deficiency  causes pleiotropic 

phenotypes in S. cerevisiae: defects in invasive growth and pseudohyphal 

development (9), rapamycin sensitivity  (10) and derepression of  nitrogen-catabolite 

repressed genes (11) are all suggestive of  a promiscuous role in nutrient sensing.  In 

addition,  Urm1  strains are temperature-sensitive (ts) and hypersensitive towards 

oxidative stress (8, 10), suggesting a broader role in stress tolerance. The 

antioxidant protein Ahp1p is the only  urmylation target  that has been identified to 

date,  and Urm1  strains are hypersensitive towards the oxidant  diamide (10). The 

high degree of  sequence conservation suggests an important role for Urm1 in higher 

eukaryotes as well, but no function has been assigned to it in mammalian cells.  

In this study, we conduct  the first  characterization of  Urm1 in human cells. We used 

an shRNA-mediated approach to reduce cellular Urm1 levels, and observe a strong 

cytokinesis  defect as one of  the phenotypic consequences. Furthermore, the 

application of  an Urm1-based suicide inhibitor allowed us to identify  ATPBD3, a yet 

uncharacterized Urm1-dependent enzyme and a constituent of  a multi-protein 

complex.  By  detecting a cellular Urm1 thiocarboxylate as catalytic intermediate, we 

show that the underlying mechanism relies on an unexpected sulfur carrier function 

for Urm1. The activated sulfur is required for the ATPBD3-catalyzed thiolation of 

certain anticodon nucleosides, as evidenced by the hypomodification of  tRNAs in 

absence of  Urm1 or any  of  the catalytic activities that act on it. We show that this 

mode of  action is operative in S. cerevisiae and in human cells, suggesting its strict 

conservation throughout all eukaryotes. 

Results

Reduced Urm1 levels cause cytokinesis defects in human cells

To investigate the effects of  Urm1 deficiency  in mammalian cells, we targeted the 

Urm1 coding sequefncing in HeLa cells with a small hairpin RNA (shRNA) by  means 

of  lentiviral transduction. We obtained a significant (~95%) and highly  reproducible 

reduction of  Urm1 protein levels 4 days after infection (Fig. 1A). The unrelated 

control shRNA (shLuciferase or shGFP) did not affect Urm1 protein levels (Fig. 1A 

and data not shown). ShUrm1 cells were viable, but showed a reduced growth rate 

when compared to shLuciferase cells.  After 3 days of  drug selection, shUrm1 cells 

exhibited remarkable morphological anomalies: we observed an increase in cell size 

and the presence of  multiple nuclei within single cells (Fig. 1B). In contrast, 

shLuciferase or mock-infected cells were phenotypically  normal (Fig. 1B and data 

not shown). 
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To measure the DNA content of  these cells, asynchronously  growing cells 

transduced with shUrm1 or shGFP were stained with propidium iodide (PI) and 

analyzed by flow cytometry. Consistent with the multinucleated phenotype, shUrm1 

cells  showed a significant increase in the 4n population, and in addition a population 

containing >4n was present. The DNA content of  shGFP cells was essentially 

unchanged compared to wild type HeLa cells. The effects  of  Urm1 deficiency  on 

DNA content were even more pronounced after cell cycle synchronization by 

imposition of  a double thymidine block (Fig. 1C). Twelve hours after release from this 

block, 53.3% of  shUrm1 cells  contained 4n,  as compared to 31.0% and 31.2% for 

shGFP and mock-infected cells, respectively. Similar results were observed in 

asynchronously  growing U2OS cells in which Urm1 protein levels were successfully 

downregulated (data not shown). Taken together, our results suggest that Urm1 is 

required for cytokinesis and thus for orderly cell cycle progression.  

Fig. 1. Depletion of Urm1 results in a 

cytokinesis defect. (A) Efficiency of 
Urm1 knockdown in HeLa cells 4 days 

after lentiviral transduction of Luciferase 
(control) or Urm1 shRNA constructs. (B) 
Confocal microscopy of Urm1-depleted 

HeLa cells. Red = Hoechst, green = 
actin, scale bar = 10 m. (C) Progress 

through cell cycle was assessed by 
quantification of DNA content in wild-
type, shGFP, and shUrm1 HeLa cells. 

The DNA content of cells was quantified 
by flow cytometry 12 h after release from 

a double thymidine block and plotted in a 
histogram.

A functional proteomics approach links Urm1 to tRNA modification 
To gain insights into the molecular mechanism(s) that underly  this remarkable 

phenotype, we employed a functional proteomics approach. We synthesized an 

electrophilic Urm1-based suicide inhibitor, HA-tagged Urm1 vinyl methylester (HA-

Urm1-VME). The analogous Ub/Ubl-based electrophilic probes form a stable 

thioether linkage to the active site cysteine of  Ub/Ubl-directed enzymes (12, 13), and 

can thus be used to selectively  retrieve cognate enzymatic activities from crude cell 

extracts to allow their identification (14).  
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HA-Urm1-VME was added to HEK293T cell lysates and incubated at 37°C for 30 

min.  Covalent HA-Urm1-VME adducts were retrieved by  immunoprecipitation and 

resolved by  SDS-PAGE. Following silver staining,  a prominent band migrating at an 

apparent molecular mass of   47 kDa appeared as unique to the HA-Urm1-VME-

derived sample (Fig. S2). This material was excised and processed for LC-MS/MS. 

A database search revealed ATPBD3 (ATP binding domain 3, gi 21687159, 

theoretical MW=36.4 kDa) as the major HA-Urm1-VME reactive species (33% 

sequence coverage, Fig.  S2). As expected, Urm1 was also identified in this sample 

(Fig. S2). The function of  ATPBD3 is  unknown, but  it is annotated as a cancer-

associated gene and appears to be differentially  expressed in breast and prostate 

cancer (15). 

To confirm this interaction, we constructed a FLAG-tagged version of  the ATPBD3 

cDNA via RT-PCR, and expressed the 35S-labeled protein by  a coupled in vitro 

transcription-translation system. The translation product was incubated in presence 

or absence of  N-ethylmaleimide (NEM), and then exposed to HA-Urm1-VME. A band 

of  the expected ATPBD3 molecular mass was readily  detectable, and a shift in 

electrophoretic  mobility  indicative of  covalent modification was observed upon 

addition of  HA-Urm1-VME (Fig.2A).  This modification was sensitive to NEM, 

suggesting that a cysteine residue in ATPBD3 is the site of  modification. We 

confirmed these findings by  transiently  transfecting FLAG-ATPBD3 into HEK293T 

cells, followed by  detergent lysis and anti-HA immunoprecipitation in absence or 

presence of  HA-Urm1-VME. While FLAG-ATPBD3 was barely  detectable in the 

control lane, a prominent FLAG-reactive band was retrieved in the presence of  HA-

Urm1-VME (Fig.2B). In addition, a higher MW doublet is seen in presence of  HA-

Urm1-VME, which we interpret as the covalent adduct  formed between FLAG-

ATPBD3 and the suicide inhibitor. 

Lastly, we used an HA-tagged variant of  ATPBD3 to retrieve and identify  additional 

interaction partners. To this end, HEK293T cells were transiently  transfected either 

with a control vector or with ATPBD3-HA. Cell extracts were prepared 48 h post 

transfection and ATPBD3-associated proteins were retrieved by  immunoprecipitation, 

separated by  SDS-PAGE and subjected to silver staining. A total of  four bands 

appeared to be unique species when compared to the negative control (Fig. 2C). 

These were excised and processed for identification by mass spectrometry. Notably, 

Urm1 was readily  detectable as interaction partner in this experiment (Fig. 2C, 

sequence coverage 48.5%). As expected, ATPBD3 accounted for the major band, 

migrating at the expected apparent molecular mass of  38 kDa. The two major 

species recovered from the other bands correspond to UPF0432 protein/C16orf84, a 

yet  uncharacterized protein (gi 121941955, MW = 56 kDa, 36% sequence coverage), 

and Hsp70 (gi 167466173, MW= 70 kDa, 66% sequence coverage), a common 

contaminant that is encountered in many MS-based approaches.
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Fig. 2. An Urm1-based functional 
probe reacts with ATPBD3, a novel 
Urm1-directed enzymatic activity. (A) 

HA-Urm1-VME reacts with ATPBD3 to 
yield a covalent adduct.  Radiolabeled 

ATPBD3 was synthesized by in vitro 
translation,  reacted with HA-Urm1-VME 
in absence or presence of NEM and 

resolved by SDS-PAGE.  (B) HA-Urm1-
VME retrieves ATPBD3 from cell lysates. 

HEK293T cells were transfected with 
FLAG-ATPBD3 or control vector (-), 
lysed, exposed to HA-Urm-VME and 

immunoprec ip i ta ted wi th ant i -HA 
antibodies. Anti-FLAG antibodies were 

used for detection. (C) Over-expressed 
ATPBD3 associates with endogenous 
UPF0432 and Urm1 in vivo. HEK293T 

cells were transfected with ATPBD3-HA, 
lyzed and immuno-precipitated using 

anti-HA antibodies. Following SDS-PAGE 
and silver staining, the indicated 
ATPBD3-associated proteins were 

identified by MS.

Since no function was assigned to either human ATPBD3 or UPF0432, we employed 

a structure prediction-based algorithm (16) to search for structural homologues. 

MesJ (PDB 1ni5), an ATP alpha hydrolase of  unknown function and TilS (PDB 1wy5), 

a tRNA modifying enzyme and likewise an ATP alpha hydrolase, were predicted as 

closest  structural neighbors for both ATPBD3 and UPF0432 (data not shown). A 

Pfam search (17) consistently  assigned both proteins to the PP-loop ATP 

pyrophophatase family, which comprises a plethora of  tRNA-modifying enzymes. 

From a structural perspective, these findings collectively  suggest a link between 

Urm1 and tRNA modifications. Genetic evidence likewise suggests that the budding 

yeast homologs of  UPF0432 and ATPBD3, Ncs2 and Ncs6, respectively, are linked 

to the Urm1 pathway: Ncs2 (needs Cla4 to survive) and Ncs6 deletions are both 

synthetic lethal in the absence of  Cla4, a protein kinase involved in septin 

phosphorylation.  This phenotype is mirrored by  Uba4 and Urm1 deletions, which are 

essential when Cla4 is absent (9). More recently, the fission yeast homologues of 

UPF0432 and ATPBD3, were designated Ctu2p and Ctu1p (cytosolic thiouridylase), 

respectively. They  were shown to form a heterodimeric complex, required for the 

thiolation of the uridine at the first anticodon position of cytosolic tRNAs (18, 19). 
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Urm1 can serve as sulfur carrier by virtue of a C-terminal thiocarboxylate
What could be the function of  Urm1 in the context of  tRNA modifications? Given the 

involvement  of  Ncs6 (Ctu1) in tRNA thiolation and based on the structural similarity 

between Urm1 and MoaD, we speculate that Urm1 could serve as sulfur carrier in 

the context of  tRNA thiolation in mammalian cells. To test this possibility, HEK293T 

cells  were co-transfected with MOCS3-HA (the human Uba4 homolog) and HA-

Urm1. Soluble cell extracts were prepared 48 hours post transfection, HA-Urm1 was 

retrieved by  immunoprecipitation, further purified via SDS-PAGE (Fig.  3A),  and 

digested with the endoprotease Asp-N to yield peptides of  a size suitable for analysis 

by  LC/MS/MS. Database searches of  the resulting MS data revealed two overlapping 

peptides from the C-terminus, indicating that either the Asp88 or Asp90 cleavage 

sites were utilized (Fig. 3B).  In addition, database searching also identified two 

peptides with a mass 16 Da greater than these, with the additional mass localized at 

the C-terminus (Fig. 3B),  as shown by  the masses of  the y  ion series (Fig 3C). This 

shift in mass is consistent with a C-terminal modification by  sulfur in the form of  a 

thiocarboxylate.  We conclude that Urm1 can serve as sulfur carrier, akin to the 

prokaryotic sulfur donors ThiS and MoaD. 

Fig. 3. Urm1 is charged with sulfur in vivo to form of a C-terminal thiocarboxylate. (A) HEK293T cells 
were co-transfected with MOCS3-HA and HA-Urm1, lysed and subjected to immunoprecipitation with anti-

HA antibodies. The immunoprecipitates were resolved by SDS-PAGE and subjected to silver staining.  Note 
that both proteins were HA-tagged, i.e. the appearance of MOCS3-HA and HA-Urm1 is not indicative of a 

mutual interaction. (B) The band marked in (A) was excised, digested with AspN and analyzed by LC-MS/MS. 
The observed parent ion masses are consistent with AspN-released peptides from the C-terminus of Urm1, 
and suggest that both unmodified and thiocarboxylated Urm1 was present (the mass difference between 

sulfur and oxygen is 16 Da). (C) Note that the y-ion series (i.e. the series containing the C-terminus), derived 
from fragmentation of the smaller parent ions depicted in (B), is in excellent agreement with the location of 

the sulfur at the C-terminus. Masses in parentheses are theoretical and were not observed in this 
experiment. 
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Cytosolic tRNAs are hypomodified in the absence of Urm1 
In S. cerevisiae, three cytosolic tRNAs, tRNAGln(UUG), tRNAGlu(UUC) and tRNALys(UUU) 

contain a 5-methylcarboxymethyl-2-thiouridine (mcm5S2U) at the wobble position 

(Fig. 4A) (19). Several enzymatic activities act on the 2- and 5-positions of  the 

uridine ring in yeast: Elp3p has been implicated in the derivatization of  the 5-position 

(20), and Ctu1p/NCS6p is required for the 2-thiolation (19). However, the source of 

the sulfur atom that is utilized by  Ctu1p/NCS6p remains enigmatic. With the 

exception of  Mycoplasma, 2-thiolated uridines have been identified in all kingdoms of 

life.  Notably, the simultaneous loss of  Elp3 and Ctu1is lethal,  indicating a crucial role 

for these modifications (19).

Can Urm1 serve as sulfur donor for the Ctu1p/Ncs6p-catalyzed thiolation reaction? 

Since the enzymatic pathway  responsible for uridine modification is well 

characterized in yeast, we chose to address this question by  introducing 

chromosomal deletions in S. cerevisiae. Four deletion strains were constructed: 

urm1 ,  uba4 , ncs6  and cla4 . To assess the extent of  tRNAGln(UUG), tRNAGlu(UUC) 

and tRNALys(UUU) thiolation, RNA was isolated from all deletion strains; a wildtype 

(WT) strain served as control (Fig.  4B). The RNA was separated on a denaturing 

polyacrylamide gel supplemented with N-acryloylamino phenyl (APM) mercuric 

Chloride, and transferred to a nylon membrane. Small radiolabeled DNA 

oligonucleotides complementary  to the three tRNAs in question were used as 

probes,  a probe recognizing the non-thiolated tRNAHis served as negative control. 

The thiolation of  RNA molecules is readily  detectable in APM gels by  transient 

mercury-sulfur interactions, which cause a considerable shift in electrophoretic 

mobility  (21). In agreement with the established role of  Ncs2p/Ctu1p in 2-thiolation 

(19), the deletion of  NCS6 caused an increase in tRNALys(UUU) mobility, indicative of 

quantitative hypomodification.  RNA isolates from cla4  behaved like the WT control, 

suggesting that Cla4p is not  directly  involved in this process (Fig. 4B). Remarkably, 

the Urm1 deletion mirrored the effect seen in a ncs6  background, indicative of  a 

quantitative loss of  thiolation (Fig. 4B). Virtually  identical results were obtained for 

tRNAGln(UUG) and tRNAGlu(UUC) (Fig.  S3). As an additional control, the RNA samples 

were applied to denaturing PAGE devoid of  APM: all samples showed an identical 

electrophoretic  behaviour (Fig. S3), thus excluding the formal possibility  that  a 

difference in length is responsible for the differential migration behavior as seen in 

Fig. 4B.  

To substantiate our findings, we hydrolyzed RNA isolated from WT and Urm1  

strains for analysis by  LQ-MS. For the WT control,  we observed masses 

corresponding to 5-methylcarboxymethyluridine (mcm5) and mcm5S2U. We did not 

detect mcm5S2U in Urm1 -derived hydrolysates,  while mcm5 was clearly  detectable 

(Fig. S4). We conclude that Urm1 is required for the thiolation of  three cytosolic 

tRNA species, namely tRNAGln(UUG), tRNAGlu(UUC) and tRNALys(UUU). 
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To establish that tRNA thiolation is Urm1-dependent in higher eukaryotes, we 

reduced the levels of  Urm1 and ATPBD3 via lentivirus-tranduced shRNA in HeLa 

cells. Total RNA was extracted from the resulting HeLa cell lines propagated under 

selective pressure for three days. Since appropriate antisera were not available for 

ATPBD3, we cannot assess the knockdown efficacy  achieved by  the respective 

shRNA. However, an accumulation of  hypomodified cytosolic tRNALys(UUU) was seen 

in all cell lines relative to the shGFP control, as judged by  APM-PAGE/Northern blot 

analysis (Fig. 4C, D). Taken together, the levels of  thiolated tRNAs are correlated to 

cellular Urm1-levels in two distinct organism, indicating that the role for Urm1 in 

these pathways is evolutionary conserved.

Fig. 4. Urm1 is required for the thiolation of cytosolic tRNAs. (A) U-rich anticodons of several cytosolic 
tRNAs, exemplified by the human tRNALYS(UUU), contain a modified uracil, 5-methylcarboxymethyl-2-

thiouridine (mcm5S2U), at position 34. (B) Urm1 and Urm1-associated enzymatic activities are required for 
tRNA thiolation in S. cerevisiae.  RNA was isolated from the indicated S. cerevisiae strains, resolved by 

denaturing PAGE and subjected to northern blotting. PAGE gels supplemented with APM (upper panels) 
were used to discriminate between thiolated and hypomodified tRNAs, a gel devoid of APM served as control 
(lower panel). Radiocative oligonucleotides with the indicated specificities served as probes. (C) Urm1 and 

ATPBD3 contribute to tRNA thiolation in human cells. RNA isolated from the indicated HeLa cell lines was 
analyzed as in (B), purified unmodified tRNALys(UUU) (5 pmol) served as control. (D) A comparison of 

thiolation levels obtained from a densiometric quantification of the bands seen in (C). 

Discussion

Urm1 is a highly  conserved, yet poorly  understood, Ubiquitin-related modifier. Urm1-

deficient yeast strains show a pleiotropic phenotype, attributed to a lack of  Urm1 

conjugation to target proteins, a process that was termed urmylation (8-11). Apart 
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from the identity  of  Uba4, the putative E1 enzyme responsible for Urm1 activation 

(8), next to nothing is known about the molecular mechanism or the enzymatic 

machinery that constitute the Urm1 pathway. 

By  utilizing an Urm1-based suicide inhibitor, we discovered ATPBD3 (ATP binding 

domain 3 protein) as an urm1-directed enzymatic activity  (Fig. S2, Fig.  2).  Urm1 is 

part of  a protein complex that contains ATPBD3 and UPF0432 (Fig. 3C and data not 

shown). However, neither of  these proteins have previously  been assigned a 

function.  A bioinformatics approach revealed similarities of  both ATPBD3 and 

UPF0432 to tRNA-modifying enzymes, which commonly  adenylate specific tRNA 

nucleosides to facilitate their subsequent derivatization. What could be the function 

of Urm1 in the context of tRNA modifications? 

The S. cerevisiae homolog of  ATPBD3, Ncs6, is required for the thiolation of  uracil at 

the wobble positions of  U-rich anticodons of  three cytosolic tRNAs (19). Moreover, a 

protein complex homologous to ATPBD3/UPF0432, Ctu1p/Ctu2p, was recently 

identified in Schizosaccharomyces pombe and likewise implicated in uracil thiolation 

(18). Genetic  evidence suggests that Urm1, Ncs2 (the UPF0432 homolog), and Ncs6 

are linked in budding yeast (9, 22), but the functional connection between Ncs2, 

Ncs6 and Urm1 remained unclear. 

Urm1 is in fact more similar to the prokaryotic sulfur carriers MoaD and ThiS than it 

is to any  bona fide Ub-like protein modifier (Fig. S1). Moreover, Uba4 and MOCS3, 

the human Uba4 homolog, are more similar to the MoaD-activating enzyme MoeB 

than to the E1 enzymes that participate in the typical E1-E2-E3 cascades. Uba4/

MOCS3 both feature a rhodanese-like domain, a module that is  commonly  involved 

in sulfur transfer. Although purified Uba4 displays sulfur-transfer activity  in vitro, it 

was unclear whether this activity  is relevant in a cellular context (23). All in all, these 

criteria suggest that the Urm1 pathway  is mechanistically  closely  related to the 

prokaryotic MoaD/ThiS pathways (1, and references cited therein, 4, 24). 

Specifically, we propose that Urm1 serves as sulfur donor in the context of  tRNA 

thiolation.

We isolated HA-Urm1 introduced into mammalian cells by  transfection and showed 

that  peptides derived from the Urm1 C-terminus were present as two species, 

corresponding to unmodified Urm1 and to a C-terminal thiocarboxylate (Fig. 3B, C).  

This  observation supports our hypothesis and is the first  example of  a Ub-related 

modifier that undergoes a thiocarboxylation reaction in human cells. Furthermore, we 

show that the deletion of  Urm1, Uba4, or NCS6 results in a quantitative loss of 

thiolation of  three cytosolic tRNAs in S. cerevisiae (Fig. 4B).  Consistently, the 

mcm5S2U fingerprint mass was not detectable in nucleoside preparations isolated 

from urm1  strains (Fig.  S4). In human cells, a reduction in the levels of  either urm1 

or ATPBD3 likewise resulted in an increase of  hypomodified tRNAsLYS(UUU) (Figure 4 

D), suggesting a similar, if  not identical, function for Urm1 in both organisms. 
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Although UPF0432 associates with ATPBD3, we did not observe covalent adduct 

formation between Urm-VME and UPF0432 (data not shown). We speculate that 

UPF0432 might be involved in the Urm1-independent derivatization of  the 5-position. 

The failure to obtain complete suppression of  thiolation by  Urm1 knockdowns in 

mammalian cells  could indicate that residual Urm1 levels are adequate to sustain the 

observed tRNA thiolation levels. Based on these results we assign a previously 

unknown and conserved sulfur carrier function to Urm1.

How the sulfur is mobilized upstream of  Uba4/MOCS3 is not known. The cysteine 

desulfurase Nsf1, a PLP-dependent enzyme implicated in tRNA thiolation (25), binds 

to the RLD domain of  MOCS3, where it can generate a persulfidic intermediate in 

vitro (26).  In this scenario, the sulfur flux would start  by  a Nsf1-catalyzed sulfur 

transfer from L-cysteine to MOCS3, and MOCS3 would utilize the sulfur to charge 

Urm1 to yield a thiocarboxylate. Finally, ATPBD3 would transfer the sulfur from the 

Urm1 thiocarboxylate to the 2-position of  uracil, a suggestion that can only  be 

confirmed by detailed structural analysis.

While this manuscript was in preparation, Nakai et al. placed Urm1 in the tRNA 

thiolation pathway  in S. cerevisiae and arrived at similar conclusions, although 

evidence for thiocarboxylate formation on Urm1 was not presented (27). Consistent 

with this report and our study, deletions in any  of  the components which now define 

the Urm1 pathway  (MOCS3, Urm1, ATPBD3 in humans; Uba4, Urm1, Ncs6 in 

budding yeast), or those that are required for the derivatization of  the 5-position of 

the uridine, confer resistance to the Kluyveromyces lactis killer toxin (20, 22, 28, 29). 

This  toxin exerts its effect by  cleaving the anticodon loop of  tRNAs, and the presence 

of uridine modifications is a prerequisite for the killer toxin’s nuclease activity (30). 

As far as the pleiotropic consequences of  Urm1 mutations under stress conditions 

are concerned, many  mutations in the Urm1 pathway  should affect the modification 

of  at least three tRNA species. Since 2-thio-modifications have been implicated in 

translational fidelity  and efficacy  (31-33), translational errors and ultimately  protein 

misfolding are the unavoidable outcomes when thiolation is supressed.  As a 

consequence,  the respective mutant strains will display  an increased sensitivity 

against  multiple stress conditions, irrespective of  a specific function of  Urm1 in a 

given stress response pathway.

How can the sulfur carrier function of  Urm1 be linked to the observed cytokinesis 

defect (Fig. 1)? A similar phenotype was observed in 14-3-3 sigma knockdown cells, 

where it was attributed to a defect in translation control at the G2/M transition (34). 

Dewez et al. reported aneuploidy  as a phenotypic consequence of  the Ctu1 deletion 

(18), and mislocalized septa were reported in the context of  mutations in the Urm1 

pathway  in budding and fission yeast (9, 18). Along the same line, inosine 

modifications have been implicated in G1/S and G2/M transitions in fission yeast 

(35). We did not observe obvious changes of  tRNA thiolation as function of  the cell 
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cycle,  neither in synchronized Hela cells nor in synchronized S. cerevisiae cultures, 

thus excluding dynamic fluctuations in this modification as key  regulatory  mechanism 

(data not shown).  One interpretation would be that the cytokinesis defect is a mere 

consequence of  cellular senescence, which is in turn promoted by  translational 

defects. Alternatively, some of  the transcripts that encode key  regulators of  the cell 

cycle may  be particularly  enriched in codons that are read by  2-thiolated tRNAs. 

Interestingly, skewed codon usage patterns occur in functionally  related genes, or 

groups,  and have been linked to tRNA modifications (36, and references cited 

therein). 

The sulfur donor identified here is not necessarily  restricted to tRNAs. The 

involvement  of  Urm1 in protein conjugation and a role in tRNA thiolation are not 

mutually  exclusive, and further experiments are required to identify  or to rule out 

additional Urm1 functions.
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Experimental procedures

Cell lines, antibodies, constructs, and lentiviral transduction 

Cells HeLa cells were cultured in DMEM containing 10% IFS and Penicillin/Streptomycin at 37°C, 5% CO2. 
Antibodies Human Urm1 was expressed as N-terminal His-tagged fusion protein in Escherichia coli BL21 
(DE3) Rosetta cells, purified, and sent to Covance Research Products to generate rabbit polyclonal 

antibodies. The antiserum was affinity purified as described in (37). Anti-p97 was purchased from Fitzgerald 
Industries International. Anti-FLAG and anti-HA (3F10) were purchased from Sigma and Roche, respectively. 

Phalloidin-647 and Hoechst 33342 were from Molecular Probes. Constructs Human cDNA was prepared 
from HeLa cells using the Superscript first strand synthesis system (Invitrogen),  and used as template for 
PCR reactions to amplify the human Urm1, MOCS3, and ATPBD3 cDNAs. All constructs were cloned into 

pcDNA3.1(+) (Invitrogen) according to standard procedures. Lentivirus Human Urm1, ATPBD3 and control 
(GFP and Luciferase) shRNA constructs were obtained from the TRC Consortium at the Broad Institute of 

MIT and Harvard (Boston, MA). Lentivirus was produced according to instructions provided by the Broad 
Institute (http://www.broad.mit.edu/genome_bio/trc/publicProtocols.html). HeLa cells were infected in a 6-well 
plate with 100-500 l of viral supernatant supplemented with 4 g/ml Polybrene (Sigma), spun at 1020 rcf for 

90 min at room temperature and placed for 5 hrs in the incubator before medium replacement. Antibiotic 
selection (1 g/ml puromycin) was started 24 hrs after infection. Transfections All transfections were carried 

out using Lipofectamine-2000 (Invitrogen), according to manufacturers instructions.

Confocal microscopy 
Cells were grown on coverslips, fixed in 4% PFA, quenched with 20 mM glycerine, 50 mM NH4Cl, and 

permeabilized in 0.1% Triton X-100. Fixed and permeabilized cells were blocked in 4% BSA, and stained with 
Phalloidin-647 and Hoechst for 30 min. Images were acquired using a spinning disk confocal microscope as 

described (38) using a Nikon 60x magnifaction, 1.4 numerical aperture oil lens.
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Flow cytometry
Cell synchronization by double thymidine block was performed as described previously (34). Cells were 
harvested by trypsinization at 12 hours after release from cell cycle block, fixed in ice-cold 70% ethanol, and 

stained with Propidium Iodide (50 g/ml) in the presence of 0.1 mg/ml Rnase A and 0.05% Triton X-100 for 
40 min at 37°C. Cells were analyzed using a Becton Dickinson FACSCalibur and cell cycle profiles were 

generated using FlowJo 8.5.3 software. 

Anti-HA affinity purification and MS/MS analysis 

UrmVME-labeling and Anti-HA Affinity Purification HA-Urm-VME was produced as described previously for 
Ub-VME (39). 108 HEK293T cells were harvested by scraping in ice-cold PBS and centrifugation. The pellet 

was resupended in 10 ml lysis puffer (50mM Tris, 150 mM NaCl, 5 mM MgCl2, 0.5% NP-40, 0.5 mM DTT, pH 
7.5) and incubated on ice for 10 min. The lysate was clarified by centrifugation (14.000g/15 min/4°C). The 
supernatant was incubated in presence (or absence) of 50 g of HA-Urm-VME for 30 min at 37°C, 

supplemented with anti-HA agarose (80 l slurry 3F10 affinity beads, Roche) and agitated for 2 h at 4°C. The 
beads were washed 4 times in wash buffer (50mM Tris, 150 mM NaCl, 5 mM MgCl2, 0.1% NP-40), eluted by 

boiling in 60 l of SDS-sample buffer and applied to a SDS-PAGE and silver staining. For protein 
identification, bands were excised, processed and analyzed by LC/MS/MS as described previously (37). For 
thiocarboxylate detection, samples were digested with Endoproteinase AspN instead of trypsin. 

For immunoprecipitations, one 10 cm dish of subconfluent HEK293T cells were harvested 48h post 
transfection and solubilized in 1ml ice-cold lysis buffer supplemented with Complete™(Roche) and 

centrifuged (14.000g/10 min/4°C). 16 l 3F10 beads were added to the supernatant and agitated for 3-4 h at 
4°C, washed 3 times in wash buffer and eluted by boiling in 30 l SDS-sample buffer. 5 g of HA-Urm1-VME 
was added to 1 ml of clarified lysate for small scale reactions and reacted for 30 min at 37°C prior to 

immunoprecipitation. 

In vitro transcription/translation (IVT)
IVT reactions were performed using the TNT system (Promega), according to the manufacturers instructions. 
5 g of HA-Urm1-VME was applied to 50 l of IVT reaction and incubated at for 30 min at 30°C prior to 

loading on a gel. A final concentration of 10 mM N-ethylmaleimide was applied to the indicated samples prior 
to addition of HA-Urm-VME.

Yeast techniques and RNA analysis
Yeast strains All strains are W303 derivatives and are described in the table below. Gene deletions were 

constructed using the method described (40) to replace the desired ORF with either the HIS3MX6 or the 
KANMX6 cassette.  All deletions were confirmed by PCR.  cla4  was a kind gift from the lab of A. Amon.

Strain Relevant Genotype

8015 (Wild Type) A. Amon MATa 

urm1 MATa urm1 ::KANMX6

ncs6 MATa ncs6 ::HIS3MX6

uba4 MATa uba4 ::HIS3MX6

cla4  A. Amon MATa cla4 ::HIS3MX6

RNA MS analysis 
For mass spec analysis of yeast tRNA, yeast cultures were grown at 30° C and harvested in mid log phase.  

RNA was prepared using the Qiagen RNA/DNA kit (Qiagen14162) and processed for MS analysis as 
decribed (41, 42).  

Northern blot analysis  
RNA for analysis by Northern blot was prepared using TRIzol reagent (Invitrogen) to isolate total RNA 

according to the manufacturer’s instructions. 10 g RNA (isolated from yeast or HeLa cells) was run on either 
8% PAGE gels (Sequagel, National Diagnostics) or on APM gels (8% PAGE gels with addition of 20 M N-
Acryloylamino phenyl mercuric chloride).  Gels were transferred to Genescreen plus Membrane (Perkin 

Elmer), UV- crosslinked, and processed according to standard procedures. DNA probes complementary to 
the tRNA sequences (either mammalian or yeast) of Lys- tK(UUU), Glu- tE(UUC) or Gln- tQ(UUG) were end 

labeled with 32P -ATP (Perkin Elmer) using T4 Polynucleotide Kinase (NEB).
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Supplemental Information

Fig. S1. Urm1 is related to 
prokaryotic sulfur donors. A 

structural catalog of Ubiquitin-
related proteins and their prokaryotic 

ancestors, depicted as cartoon 
representations using pymol. A 
p h y l o g r a m r e p r e s e n t i n g t h e 

sequence relationships between 
these molecules is shown in the 

center. The amino acid sequences 
of the depicted molecules were 
applied to ClustalW to create a 

phylogram in Unrooted.

Fig. S2. Identification of ATPBD3, an Urm1-VME-reactive protein, by mass spectrometry. Cell lysates 

were incubated in absence and presence of HA-Urm1-VME, immunoprecipitated with anti-HA antibodies and 
subjected to SDS-PAGE and silver staining (left panel). MS analysis of the indicated band revealed ATPBD3 

as Urm1-VME-reactive species.  Peptides that were identified in conjunction with database searches are 
highlighted in red. 
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Fig. S3.  The thiolation of cytosolic 
tRNAs is Urm1-dependent in S. 
cerevisiae. RNA was isolated from the 

indicated S. cerevisiae strains, resolved by 
denaturing PAGE and subjected to northern 

blotting. PAGE gels supplemented with 
APM were used to discriminate between 
thiolated and hypomodified tRNAs (A) and 

(B), a gel devoid of APM served as control 
(C). Radiocative oligonucleotides with the 

indicated specificities served as probes.

 

   Fig. S4. HPLC-MS analysis 

of WT and urm  RNA 
hydro lysates . (A ) Ion 

chromatograms of BH2+ and 
MH+ ions. RNA was isolated 
from WT (left panel) and 

urm  strains (right panel), 
hydrolyzed and subjected to 

HPLC-MS. Axes are time 
[min] (abscissa) vs. relative 
intensity (ordinate). (B) 

Average spectra across 
peaks. (C) Structure and 

masses of mcm5U and 
mcm5S2U as intact ion, and 
the corresponding BH2+          

fragmentation product.
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3 Role of the ubiquitin-like protein Urm1 as a 

 noncanonical lysine-directed protein modifier

Abstract

The ubiquitin-related modifier Urm1 functions as a sulfur carrier in tRNA 

thiolation by  a mechanism that requires the formation of  a thiocarboxylate at 

the C-terminal glycine residue of  Urm1. However, whether Urm1 plays an 

additional role as a ubiquitin-like protein modifier remains unclear. Here we 

show that  Urm1 is conjugated to lysine residues of  target proteins and that 

oxidative stress enhances protein urmylation in both Saccharomyces 

cerevisiae and mammalian cells. Similar to ubiquitylation, urmylation 

involves a thioester intermediate and results in the formation of  a covalent 

peptide bond between Urm1 and its substrates. However, in contrast to 

modification by  canonical ubiquitin-like modifiers, conjugation of  Urm1 

involves a C-terminal thiocarboxylate of  the modifier. We have confirmed 

that  the peroxiredoxin Ahp1 is such a substrate in S. cerevisiae and found 

that  Urm1 targets a specific  lysine residue of  Ahp1 in vivo. In addition, we 

have identified several novel substrates in mammalian cells and show that 

Urm1 targets at least two pathways upon oxidant treatment.  First, Urm1 is 

appended to lysine residues of  three components that function in its own 

pathway, i.e. MOCS3, ATPBD3, and CTU2. Second, Urm1 is conjugated to 

the nucleocytoplasmic shuttling factor Cellular Apoptosis Susceptibility 

protein (CAS). Thus, Urm1 has a conserved, dual role by  integrating the 

functions of  prokaryotic sulfur carriers with those of  eukaryotic protein 

modifiers of the ubiquitin family.
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Introduction

The ubiquitin-related modifier Urm1 is a conserved, ubiquitously  expressed member 

of  the ubiquitin (Ub) family  (1).  Similar to Ub, it comprises a ß-grasp fold and 

terminates with a diglycine motif  (2, 3). Ub is  a well-known protein modifier involved 

in a multitude of  processes. Ubiquitylation starts with the adenylation of  the C-

terminal glycine of  Ub, followed by  transfer of  Ub, via a series of  thioester 

intermediates with E1, E2 (and E3) enzymes, to a lysine residue within a target 

protein (4-6). Although prokaryotes do not possess a Ub homologue, several 

prokaryotic  proteins adopt a ß-grasp fold, including MoaD and ThiS (7). There are 

several mechanistic parallels between the ATP-dependent activation of  Ub and 

MoaD/ThiS, although they  differ broadly  in function (7, 8).  MoaD and ThiS are 

thiocarboxylated at their C-terminus and serve as sulfur donors in molydopterin and 

thiamine synthesis, respectively  (8). Urm1 is also thiocarboxylated and functions as 

a sulfur donor in tRNA thiolation in Saccharomyces cerevisiae and mammalian cells, 

thus resembling prokaryotic sulfur carriers (9-13). 

The carboxyl group of  the C-terminal glycine in Urm1 is  derivatized to a 

thiocarboxylate by  the addition of  sulfur. The sulfur atom is mobilized from cysteine 

and transferred by  a series of  enzymatic reactions to the sulfurtransferase MOCS3 

(Uba4p in S. cerevisiae) in the form of  a persulfide (14). Next, MOCS3 adenylates 

the C-terminus of  Urm1, followed by  the transfer of  sulfur to the terminal glycine of 

Urm1 (15).  Urm1 associates with the thiouridylases ATPBD3 (also known as CTU1 in 

Homo sapiens and Ncs6p in S. cerevisiae) and CTU2 (Ncs2p in S. cerevisiae), 

which mediate the thiolation of  wobble uridines in tRNALys(UUU), tRNAGln(UUG), and 

tRNAGlu(UUC) (9-13, 16-18).

Can Urm1 function as a protein modifier in addition to its role in tRNA thiolation? 

Early  work in S. cerevisiae suggested the existence of  a few low-abundant 

proteinaceous adducts under steady-state conditions, but the identity  of  all but one of 

these substrates remained unknown (1, 19, 20),  as was the nature of  the linkage 

involved. In addition, it is not clear whether adduct formation requires Urm1 in its 

thiocarboxylated or unmodifed form, nor whether urmylation results in an amide-, 

thioester-, or acyl disulfide-linked Urm1 conjugate. 

Deletion of  URM1 in S. cerevisiae results in hypersensitivity  towards a variety  of 

stressors,  including nutrient deprivation, elevated temperature,  and oxidant (diamide) 

treatment  (1, 19-21). The only  urmylation substrate identified to date is the 

peroxiredoxin Ahp1, suggesting a link between the Urm1 pathway  and defense 

mechanisms activated by  alterations in redox status of  the cell, i.e. by  oxidative 

stress (20). Oxidative stress occurs when levels of  oxidizing radicals exceed the 

capacity  of  the cell to reduce and detoxify  them. Oxidizing radicals, e.g. H2O2, are 

generated during normal intracellular metabolism, but their generation can be 

triggered by  external sources as well.  To protect proteins and other molecules 
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against  damage from oxidation, cells have developed several antioxidant defense 

mechanisms (22,  23). Key  to these processes is the low molecular weight tripeptide 

reduced glutathione (GSH), which scavenges oxidants by  forming disulfide-linked 

oxidized glutathione (GSSG). Failure to counteract  a rise in cellular oxidant levels 

results in cell damage, ultimately  contributing to senescence and age-related 

diseases (22). 

Here we show that oxidative stress induces conjugation of  Urm1 to target proteins in 

both S. cerevisiae and mammalian cells. This reaction requires the C-terminal 

thiocarboxylate of  Urm1. We demonstrate that urmylation resembles ubiquitylation, 

as it likely  involves a thioester intermediate and results in the formation of  a covalent 

lysine-linked Urm1 adduct.  Using an in vitro urmylation assay, we explored the 

conditions and specificity  of  oxidant-induced Urm1 conjugation.  Proteomic analysis 

revealed several new substrates for urmylation in vivo, and shows that Urm1 is 

conjugated to lysine residues in these substrates.  Urm1 targets at least two 

pathways upon oxidant treatment; in addition to several components of  the 

urmylation pathway  itself, we identified a protein involved in nucleocytoplasmic 

transport amongst the most abundant substrates. 

Results

Oxidative stress induces conjugation of Urm1 in vivo 

To investigate whether Urm1 is conjugated to proteins in mammalian cells, we stably 

transduced HeLa cells with hemagglutinin epitope (HA)-tagged human wild type 

Urm1 (HA-Urm1 WT) or Urm1 lacking its C-terminal glycine (HA-Urm1 G) (Fig. 1A). 

We predicted that deletion of  the C-terminal glycine of  Urm1 would prevent 

thiocarboxylate formation. To test this we analyzed the electrophoretic mobility  of 

HA-Urm1 WT and HA-Urm1 G on a polyacrylamide gel supplemented with N-

acryloylamino phenyl mercuric (APM) chloride. APM-modified gels have been used 

to distinguish electrophoretically  between unmodified and sulfur-modified tRNA 

molecules (24). This compound should be equally  capable of  differentiating between 

thiolated and non-thiolated cysteine-free proteins, e.g. HA-Urm1 WT and HA-Urm1 

G respectively. Indeed, immunoprecipitation of  Urm1 via its HA epitope, followed by 

electrophoresis  and anti-HA immunodetection, showed that >50% of  HA-Urm1 WT is 

thiocarboxylated,  as shown by  its slower migration on an APM-containing acrylamide 

gel (Fig. 1B). In contrast,  the electrophoretic mobility  of  HA-Urm1 G was not 

affected by  inclusion of  APM in the gel,  indicating that this mutant indeed lacks a 

thiocarboxylate.  Consequently, thiolation of  tRNALys(UUU) was reduced >50% in HA-

Urm1 G cells, confirming that  this mutant competes with endogenous wild type 

Urm1 in a dominant  negative manner (Fig. S1A and S1B).  The endogenous copy  of 

Urm1 is present and remains functional. 
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Fig. 1. Urm1 is conjugated upon oxidative stress in a thiocarboxylate-dependent manner. (A) 
Schematic illustration of Urm1. The C-terminal glycine of wild type Urm1 (WT) is modified by MOCS3 to a 

thiocarboxylate. Deletion of the C-terminal glycine of Urm1 ( G) prevents thiocarboxylate formation. (B) HA-
tagged Urm1 WT or G was immunoprecipitated from stably transduced HeLa cells and separated on a 

polyacrylamide gel (left panel) or a polyacrylamide gel supplemented with N-acryloylamino phenyl mercuric 
(APM) chloride (right panel). Transient sulfur-mercury interactions between thiol-containing proteins and APM 
result in reduced electrophoretic mobility. (C) HA-Urm1 WT expressing HeLa cells were treated with different 

stressors (described in Experimental Procedures) and lysed in 1% SDS. Total cell lysates were resolved by 
SDS PAGE and subjected to anti-HA immunoblotting. (D) HA-Urm1 WT and HA-Urm1 G HeLa cells were 

treated with 400 M diamide or 5 mM H2O2 for 10 min, and lysed in 1% SDS. HA-Urm1 was 
immunoprecipitated to enrich for adducts, resolved by SDS PAGE, and subjected to anti-HA immunoblotting. 
(E) Immunoblot of HA-tagged Urm1 protein conjugates after treatment (1h) of yeast cells with NEM (10 mM) 

or diamide (20 mM). HA-Urm1 is expressed from its chromosomal locus in WT or uba4 cells. Dpm1 was 
used for loading control. (F) Urmylation of myc-tagged Ahp1. Cells expressing either Ahp1-myc or HA-Urm1 

or both in combination were grown to an OD600 of 1.0 and 10 mM NEM was added for 1h. Blots were probed 
with myc (top) or Dpm1-specific (bottom) antibodies. (G) Ahp1 urmylation in vivo depends on both 
catalytically active cysteine residues in Uba4. uba4 strains were transformed with integrative plasmids 

expressing myc-tagged Uba4 variants. The blots were probed with antibodies specific for HA (HA-Urm1; top), 
myc (myc-Uba4; middle), and Dpm1 (loading control; bottom).

Analysis of  HA-Urm1 WT cells by  anti-HA immunoblotting did not show any  obvious 

signs of  conjugation under normal conditions, unlike what has been reported in yeast 

(1, 19, 20). However, given the reported sensitivity  of  urm1 yeast strains towards 

several stress conditions, we hypothesized that urmylation might be a stress-
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dependent process (1, 19-21). We therefore treated HA-Urm1 WT cells with a variety 

of  cellular stressors. SDS lysates prepared from these cells were analyzed by  anti-

HA immunoblotting. In addition to free Urm1, we noticed the appearance of  a distinct 

pattern of  higher molecular weight  polypeptides in cells treated with the oxidative 

stressor diazenedicarboxylic acid bis(N,N-dimethylamide) (diamide) (Fig. 1C). To 

confirm that oxidative stress induces urmylation, we treated cells with hydrogen 

peroxide (H2O2), a naturally  occurring source of  oxygen radicals. Urm1 was 

immunoprecipitated through its HA epitope to enrich for Urm1 adducts. Similar to 

diamide,  H2O2 stimulated formation of  an Urm1 ladder, although to a lesser degree 

(Fig. 1D). The appearance of  a distinct banding pattern, rather than a smear, 

suggests that Urm1 is conjugated to specific sites of  a limited number of  target 

proteins. No urmylation was observed when HA-Urm1 G cells were treated with 

diamide or H2O2 (Fig. 1D). Exposure of  HA-Urm1 WT or G HeLa cells to diamide or 

H2O2 for a short duration did not affect thiolation of  tRNALys(UUU) (Fig. S1A and S1B). 

In addition, shRNA-mediated reduction of  ATPBD3 protein levels did not inhibit 

urmylation in response to oxidant treatment, suggesting that oxidant-induced Urm1 

protein conjugation is distinct from its role in tRNA modification (Fig. S1C and S1D).

Previous work in S. cerevisiae described the existence of  a few low-abundant Urm1 

adducts under steady-state conditions (20), but neither the underlying enzymology 

nor the mode of  linkage to these adducts were explored.  To test whether oxidative 

stress also enhances urmylation in yeast, we expressed HA-tagged Urm1 from its 

chromosomal locus in either a wild-type (WT) or Uba4-deficient ( uba4) yeast strain. 

In the absence of  any oxidant, we only  observed very  low levels of  Urm1 adducts. 

However, treatment of  these strains with either N-ethylmaleimide (NEM) or diamide 

stimulated Urm1 conjugate formation in yeast  expressing HA-Urm1, as determined 

by  anti-HA immunoblotting (Fig. 1E). No urmylation was observed in a uba4 yeast 

strain. Treatment  with NEM results in alkylation of  free thiols, thereby  altering the 

redox status of  the cell, as well as inactivating potential deurmylases, which by 

analogy  with the proteases that resolve Ub, SUMO, or Nedd8 adducts would be 

expected to be thiol proteases. Since NEM and diamide both induce adduct 

formation (albeit yielding distinct  banding patterns), these effects are likely  due to an 

alteration in redox balance. To further confirm that oxidant  treatment leads to Urm1 

conjugation, we investigated the urmylation status of  Ahp1 in the presence of  NEM. 

Yeast strains expressing HA-Urm1, Ahp1-myc,  or a combination of  these two, were 

exposed to NEM. Besides unmodified Ahp1, we detected the appearance of  an 

additional polypeptide by  anti-myc immunoblotting. This material corresponds to the 

fraction of  Ahp1 that is modified by  either wild type Urm1 or HA-Urm1 (Fig. 1F, see 

also Fig. S1E). To determine whether the C-terminal thiocarboxylate of  Urm1 is 

required for oxidant-induced urmylation not only  in mammalian cells but in S. 

cerevisiae as well,  we mutated either or both active site cysteines of  myc-Uba4 and 

introduced these plasmids in a uba4 yeast strain. Mutation of  C225 and/or C397, 

both of  which are required for Urm1-thiocarboxylate formation (4, 10, 15), abrogated 

urmylation of  Ahp1 indicating that thiocarboxylation of  Urm1 is necessary  for its 
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conjugation to target proteins in S. cerevisiae (Fig. 1G).  Thus, oxidative stress 

enhances conjugation of  Urm1 to target proteins in both yeast  and mammalian cells, 

demonstrating that this is a conserved modification in eukaryotes. In addition, 

oxidant-induced urmylation is dependent on the thiocarboxylated C-terminal glycine 

of Urm1 in both organisms.

Urmylation involves a thioester intermediate and results in covalent adduct 

formation

All immunoprecipitations were performed under fully  denaturing conditions (SDS 

lysis), pointing to a covalent linkage between thiocarboxylated Urm1 and its target 

proteins. To further explore the nature of  this bond, we investigated the effects of  the 

reducing agent dithiothreitol (DTT) on the observed Urm1 ladder. Urm1 conjugates 

were immunoprecipitated and boiled in the presence or absence of  DTT. Inclusion of 

DTT had no effect on Urm1 ladder formation,  and therefore the linkage between 

Urm1 and its targets is not an acyl disulfide bond (Fig. 2A).

Fig. 2. Urmylation requires a thioester intermediate 
and gives rise to a covalently-linked product that is 
not acyl disulfide-linked. (A) HA-Urm1 WT cells were 

treated with diamide or H2O2, and HA-Urm1 was 
immunoprecipitated as described in Figure 1D. 

Immunoprecipitates were boiled in sample buffer in the 
absence or presence of DTT and analyzed by anti-HA 
immunoblotting. (B) NH2OH pretreatment prevents 

urmylation. HA-Urm1 WT cells were pretreated for 10 min 
in PBS with or without 50 mM NH2OH before 

administration of diamide or H2O2. (C) Post-lysis addition 
of NH2OH does not affect Urm1 adducts. HA-Urm1 WT 
cells were treated with diamide or H2O2 and HA-Urm1 was 

immunoprecipitated. Immunoprecipitates were incubated 
with or without 50 mM NH2OH before boiling in DTT-

containing sample buffer. 

We next investigated whether urmylation involves a thioester intermediate. Prior to 

treatment  with diamide or H2O2, we incubated cells with hydroxylamine (NH2OH), a 

cell-permeable nucleophile that cleaves thioesters, without causing a morphological 

change in the cells for the duration of  the treatment. Pretreatment with NH2OH 
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abrogated conjugation of  Urm1 to target  proteins (Fig. 2B). In contrast, addition of 

NH2OH to the immunoprecipitates, prior to boiling the samples, did not affect our 

ability  to detect conjugates (Fig. 2C). Together these data suggest that  urmylation 

requires a thioester intermediate. To further explore the nature of  this intermediate, 

we co-incubated recombinant MOCS3, recombinant Urm1, and an ATP-regenerating 

system. This results in the formation of  a DTT-sensitive and NH2OH-sensitive linkage 

between MOCS3 and Urm1 (Fig. S2) Thus, conjugation of  Urm1 to its substrates 

likely  involves an intracellular thioester intermediate and eventually  gives rise to a 

covalently  coupled adduct that is neither acyl disulfide-linked nor hydroxylamine-

sensitive, and therefore likely a peptide bond. 

Diamide-induced conjugation is specific to thiocarboxylated Urm1 in vitro

Diamide and H2O2 are both strong oxidants, which convert GSH into GSSG, thereby 

modulating the redox balance of  the cell and inducing oxidative stress. H2O2 requires 

an enzymatic activity, glutathione peroxidase, for this reaction (Fig. S1F) (23). In 

contrast, diamide directly  reacts with GSH and converts it to GSSG in the absence of 

any  enzyme (25). Indeed, post-lysis addition of  diamide to HA-Urm1 WT lysates 

induces Urm1 conjugation almost  as efficiently  as does treatment of  intact cells, 

whereas post-lysis addition of  H2O2 has no effect  (Fig. S1G). We exploited this 

observation to perform urmylation in vitro.  We expressed HA-tagged human Urm1 

fused to an intein and a chitin-binding domain in Escherichia coli. The recombinant 

protein was purified on a chitin column, and released by  induction of  intein self-

cleavage through addition of  DTT or ammonium sulfide (26). DTT or ammonium 

sulfide treatment yields a product with a C-terminal carboxylate or thiocarboxylate 

respectively, thus generating HA-Urm1-COOH or HA-Urm1-COSH (Fig. 3A). The 

masses of  both species were verified by  electrospray  ionization mass-spectrometry 

(ESI-MS) (Fig. S3A). In addition, analysis of  both products on a polyacrylamide gel 

supplemented with APM revealed that approximately  60% of  HA-Urm1-COSH was 

modified and carried a thiocarboxylate (Fig. 3B). 

To test whether recombinant HA-Urm1-COSH is conjugated to target proteins in 

response to diamide, we immobilized HA-Urm1 on anti-HA agarose, and added 

either a HeLa lysate prepared in SDS lysis buffer or SDS lysis buffer alone. We 

chose stringent SDS lysis conditions to select for substrates covalently  interacting 

with Urm1. These samples were incubated with or without diamide for 1 hr at 4ºC, 

after which the resin was washed several times and the immunoprecipitated material 

eluted by  boiling in sample buffer containing DTT. SDS PAGE analysis  showed that 

only  HA-Urm1-COSH treated with both HeLa lysate and diamide is able to form 

conjugates (Fig. 3C, see also Fig.  S4A). This inarguably  demonstrates that the C-

terminal thiocarboxylate of  Urm1 is required for conjugate formation.  The presence 

of DTT did not affect the stability of Urm1 adducts (Fig. S4B). 

To exclude the possibility  that diamide itself  directly  modifies the thiocarboxylate of 

HA-Urm1-COSH and forms an activated thioester, we incubated immobilized HA-
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Urm1-COSH with diamide and, after three wash steps, subsequently  with HeLa 

lysate.  No urmylation was observed upon such sequential treatment. (Fig.  S4C). In 

addition,  when HA-Urm1-COSH treated with diamide is analyzed by  ESI-MS, no 

change in mass is detected (Fig. S3B). Thus, diamide does not form a stable 

intermediate with HA-Urm1-COSH and only  simultaneous addition of  diamide and 

cell extract leads to urmylation in vitro. 

To investigate the nature of  the linkage formed between Urm1 and substrates during 

this  in vitro reaction, we treated HA-Urm1-COSH with NH2OH either during the 

reaction, or after completion of  the reaction. Inclusion of  NH2OH during the reaction 

abrogates urmylation, whereas addition of  NH2OH to the immunoprecipitate has no 

effect (Fig.  S4D and S4E). These data are consistent with our observations for HA-

Urm1 WT cells (Fig. 2B and 2C) and suggest that urmylation involves a thioester 

intermediate and yields an isopeptide-linked Urm1 adduct.

Fig. 3. Diamide induces conjugation of recombinant thiocarboxylated Urm1, but not thiocarboxylated 

eGFP, to target proteins in vitro. (A) Schematic illustration of recombinant HA-tagged Urm1 with either a 
carboxylate (COOH) or thiocarboxylate (COSH) at its C-terminus. (B) Analysis of recombinant HA-Urm1-

COOH and HA-Urm1-COSH on a polyacrylamide gel in the absence (left panel) or presence (right panel) of 
APM. (C) HA-Urm1 was immobilized on anti-HA agarose and treated with either SDS lysis buffer or a HeLa 
cell extract, in the presence or absence of diamide for 1 hr at 4ºC. Immunoprecipitates were boiled in DTT-

containing sample buffer, resolved by SDS PAGE, and detected by anti-HA immunoblotting. (D) Recombinant 
HA-eGFP-COOH and HA-eGFP-COSH were immunoprecipitated and treated as described in (C), and 

compared to HA-Urm1-COSH treated with both HeLa extract and diamide. Note that half of the HA-Urm1-
COSH reaction was analyzed, while the entire HA-eGFP reaction was loaded onto the gel. * indicates a 
contaminant in the purified eGFP fraction.

To test whether diamide-induced conjugation is specific to Urm1, or a more general 

phenomenon of  proteins bearing a thiocarboxylate at their C-terminus, we generated 

carboxylated eGFP (HA-eGFP-COOH) and thiocarboxylated eGFP (HA-eGFP-

COSH) in a manner similar to that described above for Urm1.  The X-ray  structure of 
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eGFP (PDB code 1GFL) shows that its C-terminus is fully  solvent-exposed. Both 

GFP variants were immobilized onto anti-HA agarose and treated with HeLa lysate 

and/or diamide. Although a faint increase in background is observed, HA-eGFP-

COSH is not efficiently  conjugated to proteins when compared to HA-Urm1-COSH 

(Fig. 3D). Thus, conjugation of  thiocarboxylated proteins to substrates appears to be 

specific  to Urm1, and not a general characteristic of  any  protein engineered to 

incorporate an exposed thiocarboxylyate at its  C-terminus. Since diamide-induced 

urmylation does not obviously  involve an enzymatic activity, other amino acids or 

tertiary structure may contribute to the specificity of the reaction. 

Proteomic identification of Urm1 substrates in mammalian cells

To identify  urmylated substrates, we proceeded with a large scale affinity  purification 

of  Urm1 adducts from HA-Urm1 WT and HA-Urm1 G cells either left untreated or 

exposed to diamide or H2O2 in vivo. We analyzed 5% of  the immunoprecipitates by 

anti-HA immunoblotting to confirm that Urm1 was efficiently  conjugated (Fig. S5A). 

We resolved the remainder of  the polypeptides by  SDS PAGE and visualized them 

by  silver staining. Individual polypeptides were analyzed by  trypsinolysis and liquid 

chromatography  coupled with tandem mass-spectrometry  (LC-MS/MS). We 

considered only  those proteins represented by  at  least three peptides and altogether 

absent from control samples as valid hits. 

We identified 21 proteins that were uniquely  present in samples from HA-Urm1 WT 

cells  treated with diamide or H2O2 and absent from untreated cells or HA-Urm1 G 

cells  exposed to diamide or H2O2 (Table S1). We found two members of  the Urm1 

pathway  itself, i.e. MOCS3 and ATPBD3,  that were modified by  Urm1 upon 

administration of  either oxidant. In addition, we identified two deubiquitylating 

enzymes, USP15 and USP47, that have not been previously  linked to the Urm1 

pathway. Furthermore,  several components of  the nuclear import/export pathway 

were amongst the identified substrates. A few proteins involved in RNA processing 

were present,  perhaps not unexpected, given the role of  Urm1 in thiolation of  tRNA, 

and possibly  other types of  RNA. Although the peroxiredoxin Ahp1 is the most 

abundant substrate for Urm1 in yeast, we did not find a homologue of  Ahp1 or any 

other thioredoxin or peroxiredoxin among the identified proteins.

Urm1 is conjugated to lysine residues of MOCS3, ATPBD3, CTU2 and USP15 in 

vivo

Since MOCS3 was urmylated upon addition of  either oxidant, we decided to validate 

this  protein as a bona fide target for urmylation in vivo. Untransduced, HA-Urm1 WT 

or HA-Urm1 G HeLa cells  were transiently  transfected with MOCS3-FLAG and 

treated with diamide or H2O2. Since MOCS3 non-specifically  adheres to agarose, we 

immunoprecipitated MOCS3 via its FLAG tag, and examined modification by  Urm1 

through anti-HA immunoblotting. Urmylated MOCS3 was detectable in HA-Urm1 WT 

cells  exposed to diamide or H2O2, but not in untransduced or HA-Urm1 G cells (Fig. 

4A). Total lysate from HeLa cells transfected with HA-MOCS3 was included on the 
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gel to visualize the position of  non-urmylated MOCS3 on a polyacrylamide gel. 

Urmylation of  MOCS3-FLAG results in a shift from 52 kDa to 65 kDa, suggesting 

MOCS3 is urmylated by  a single molecule of  Urm1, i.e. mono-urmylated. Although 

MOCS3 contains 15 lysine residues, multi-urmylation was not detected. 

To test whether other components of  the Urm1 pathway  can be urmylated, we 

carried out a similar experiment with both FLAG-ATPBD3 and CTU2-FLAG. 

ATPBD3, the human homologue of  Ncs6p,  was identified in our MS-based screen. In 

our screen we did not recover CTU2, the human homologue of  Ncs2p, a 

thiouridylase also associated with the Urm1 pathway  (9-12, 16). FLAG 

immunoprecipitation followed by  HA immunoblotting confirmed that both proteins are 

targeted by  Urm1 during oxidative stress (Fig. 4B and 4C). Despite the presence of 

several solvent-exposed lysine residues in Urm1 itself  (2, 3), poly-urmylation is not 

observed, and all substrates examined are modified by  what appears to be a single 

Urm1 molecule. Thus, oxidative stress induces conjugation of  Urm1 to three 

members of its own pathway. 

Several proteins that  are part  of  the Ub machinery  were present in our MS-based 

screen, including the deubiquitylating enzyme USP15 that was uniquely  urmylated in 

response to H2O2 treatment. We verified that wild type Urm1 is indeed appended to 

endogenous USP15 upon addition of  H2O2 (Fig. 4D). By  analogy  with MOCS3, 

ATPBD3, and CTU2, USP15 could represent a component of  the Urm1 pathway  that 

is urmylated in response to oxidant exposure. To test this idea, we determined 

whether USP15 has activity  as a deurmylase. Recombinant human USP15 was 

incubated with immunopurified HA-Urm1 adducts, and deconjugation was measured 

by  anti-HA immunoblot (Fig. S5B). Although USP15 is reactive towards Ub adducts, 

as determined by  Ub-AMC hydrolysis (left panel), we did not detect reactivity 

towards urmylated substrates (right panel).  In addition, shRNA-mediated depletion of 

USP15 from HeLa cells did not affect steady  state or oxidant-induced levels of 

urmylation (Fig. S5C).

To investigate which substrate residues are targeted by  Urm1, we expressed a 

mutant of  MOCS3 in which all lysines were replaced by  arginines (MOCS3 KtoR). 

This  mutant is not modified by  Urm1 upon oxidant treatment, indicating that 

urmylation must occur on the -amino group of  lysine residues (Fig. 4E). Mutation of 

only  the active site lysine of  MOCS3 (K413R) did not interfere with urmylation (Fig. 

S6A). To confirm that Urm1 functions as a lysine-directed modifier in vivo, we used 

the S. cerevisiae system and focused on the NEM-induced Urm1 conjugation to 

Ahp1. We generated several Ahp1 variants that possess lysine to arginine alterations 

and expressed them as myc-epitope tagged variants in a urm1 yeast strain that 

additionally  expressed HA-tagged Urm1. We found that urmylation of  Ahp1 was 

absent  only  in the variant that harbors an arginine replacement of  K32, indicating 

that  Urm1 targets indeed substrate lysine residues and in a very  specific manner 

(Fig. 4F, see also Fig. S6B).  Notably, Ahp1 with an alteration of  the neighboring 
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cysteine C31 to a serine residue was urmylated as the wild type protein, indicating 

that  this cysteine residue is not relevant for the conjugation reaction. Taken together, 

these results indicate that upon oxidant treatment thiocarboxylated Urm1 is 

specifically  conjugated to a limited set of  proteins both in yeast and mammalian cells, 

and that Urm1 is not attached randomly but to specific lysine residues. 

Fig. 4. Urm1 is conjugated to lysine residues in MOCS3, ATPBD3, CTU2 and USP15 in vivo. (A) Non-

transduced, HA-Urm1 WT, and HA-Urm1 G HeLa cells were transiently transfected with MOCS3-FLAG and 
after 24 hrs treated with either diamide or H2O2. MOCS3 was immunoprecipitated through its FLAG tag from 
SDS lysates, boiled in DTT-containing sample buffer, and resolved by SDS PAGE. Urmylation was evaluated 

by anti-HA immunoblotting. Total cell lysate of HeLa cells transfected with MOCS3-HA was included to 
illustrate the difference in mass between non-urmylated (52 kDa) and urmylated MOCS3-FLAG (~65 kDa). 

(B) As described in (A), using FLAG-ATPBD3 as substrate. Left lane: total cell lysate of HeLa cells 
transfected with ATPBD3-HA. (C) As described in (A), using CTU2-FLAG as substrate. Left lane: total cell 
lysate from HeLa cells transfected with CTU2-HA. (D) HA-Urm1 WT and HA-Urm1 G HeLa cells were 

treated with H2O2. Samples were processed as in (A). Immunoblotting for endogenous USP15 (110 kDa) 
revealed that USP15 is modified by one or two molecules of wild type Urm1 upon H2O2 addition. (E) HA-

Urm1 WT and HA-Urm1 G cells were transiently transfected with wild type MOCS3 (MOCS3 WT-FLAG) or 
mutant MOCS3 in which all lysines have been replaced by arginines (MOCS3 KtoR-FLAG). Cells were 
processed as in (A). (F) Urm1 functions as a lysine-directed modifier and modifies Ahp1 on lysine K32 in 

vivo. ahp1 strains were transformed with integrative plasmids expressing different myc-tagged Ahp1 
variants under the control of its own AHP1-promoter. Yeast cells were grown in absence or presence of NEM 

and 1OD samples were taken. Blots were probed with antibodies specific for myc (Ahp1-myc; top) or Dpm1 
(loading control; bottom).

Urm1 is appended to the nucleocytoplasmic transport factor CAS 

Several proteins involved in nuclear transport were identified in our MS-based 

screen, of  which Cellular Apoptosis Susceptibility  protein (CAS, also knows as 
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Chromosome Segregation 1-Like or CSE1L) was amongst the most abundant hits. 

Proteins > 40 kDa destined for nuclear translocation associate with importin  or its 

adaptor importin  via a nuclear localization signal (27). This ternary  complex is 

transported into the nucleus where the high concentration of  GTP-bound Ran 

dissociates the complex. CAS binds cargo-free importin  in the nucleus and, with 

the help of  Ran-GTP, shuttles it back to the cytosol (27, 28). In addition, CAS has 

been implicated in apoptosis, proliferation and has been identified as component of 

p53 transcriptional complexes (29-31).

Fig. 5. Urm1 is appended to the nucleocytoplasmic shuttling factor CAS in response to H2O2 

treatment. (A) HA-Urm1 WT and HA-Urm1 G HeLa cells were treated with H2O2. Urm1 was retrieved from 
SDS lysates through its HA tag. Immunoprecipitates and whole cell lysates (input) were boiled in the 

presence of DTT and separated on a polyacrylamide gel. Anti-CAS immunoblotting showed that CAS (110 
kDa) is modified by one, or possibly two, molecules of wild type Urm1 (12.5 kDa) in response to H2O2. (B) 

HA-Urm1 WT cells were treated with increasing concentrations of H2O2 for 10 min. Cells were processed as 
in (A). (C) Urmylated CAS resides in the cytosol. HA-Urm1 WT cells were left untreated or treated with 5 mM 
H2O2. Cells were either lysed directly in an SDS-containing buffer (Total) or lysed in an NP40-containing 

buffer to extract the cytoplasm and membrane fraction (Cytoplasm) followed by disruption of the nuclear 
pellet in an SDS-based buffer (Nuclei). Urm1 conjugates were immunoprecipitated from these fractions 

through its HA tag and urmylation of CAS was demonstrated by anti-CAS immunoblotting. (D) Urmylated 
CAS persists for several hours. HA-Urm1 WT cells were left untreated or treated with H2O2. After treatment, 
cells were either immediately harvested or washed and recovered for 1 or 4 hours in medium lacking the 

oxidant. Samples were processed as in (A). 
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Our MS-based screen suggested that CAS is urmylated in response to H2O2. To 

confirm this, we treated HA-Urm1 WT and HA-Urm1 G cells with H2O2 and 

retrieved urmylated targets by  anti-HA immunoprecipitation. Anti-CAS 

immunoblotting showed that endogenous CAS is urmylated in response to H2O2 in a 

thiocarboxylate-dependent manner (Fig.  5A). Urmylation results in an estimated 

increase in molecular weight of  10 to 25 kDa, suggesting that  CAS is modified by 

either one or two molecules of  Urm1. Titration of  H2O2 revealed that urmylation of 

CAS is detectable at low concentrations of  H2O2 (200 μM) and significantly  increases 

at higher concentrations (Fig. 5B). 

Since CAS shuttles between the cytosol and nucleus,  we determined the localization 

of  urmylated CAS. Untreated or H2O2-treated HA-Urm1 WT cells were lysed in an 

NP40-based lysis buffer,  which disrupts cellular membranes and protein complexes 

but leaves the nuclei largely  intact. The nuclear pellet  was then disrupted in an SDS-

based lysis buffer. Anti-HA immunoprecipitation from these fractions showed that 

urmylated substrates, including CAS, are exclusively  present in the cytosol (Fig. 5C). 

To determine the stability  of  urmylated CAS, we allowed H2O2-treated cells to 

recover for 1 to 4 hours post-treatment. Anti-HA immunoprecipitation showed that 

urmylated substrates, including CAS, persist over time; after 4 hours urmylated 

substrates are still present, though reduced by  roughly  50% (Fig. 5D). This finding 

suggests that Urm1 is  appended to the nucleocytoplasmic shuttling factor CAS most 

likely  in the cytosol upon H2O2 treatment, and also indicate that the Urm1-CAS 

conjugate is rather stable and not prone to accelerated degradation. 

Discussion

The carboxyl group of  the C-terminal glycine of  Urm1 is modified to a thiocarboxylate 

by  the addition of  sulfur (9, 10, 12, 13). Thiocarboxylated Urm1 functions as a sulfur 

donor in tRNA thiolation (9-13). The consequences of  thiocarboxylation on the ability 

of  Urm1 to form protein conjugates had not  been explored until now. We here show 

that  thiocarboxylated Urm1 also serves as a protein modifier under conditions of 

oxidative stress in both S. cerevisiae and H. sapiens.  In intact cells  as well as in 

vitro, oxidant treatment results in protein modification by  wild type Urm1, but not by 

Urm1 that  lacks the glycine residue essential for thiocarboxylate formation. The role 

of  Urm1 in post-translational modification has been suggested by  earlier work in S. 

cerevisiae that described urmylation under normal growth conditions,  with the 

peroxiredoxin Ahp1 the only  substrate identified to date (1, 19, 20). It was unclear 

whether this reaction requires thiocarboxylation of  Urm1. We did not detect 

spontaneous urmylation in mammalian cells, except when placed in an oxidizing 

environment.  Similarly, exposure of  yeast cells to oxidants enhanced Urm1 adduct 

formation,  indicating that oxidant-induced urmylation is  a conserved phenomenon in 

eukaryotes. Thus, the role of  thiocarboxylated Urm1 is twofold; it serves as a sulfur 
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donor in tRNA thiolation and functions as a post-translational modifier under 

conditions of oxidative stress. 

How do these two functions relate to each other? The role of  thio-modification of 

tRNAs remains unclear. Thiolation of  tRNAs may  stabilize codon-anticodon 

interactions on the ribosome to improve translational efficiency  (17, 32, 33). 

However, whether the Urm1 pathway  contributes to efficient  translation of 

endogenous proteins has not been determined. Translational efficiency  and fidelity  is 

reduced during oxidative stress through misacylation of  tRNAs, as well as via 

oxidation of  a critical cysteine residue in the editing site of  certain aminoacyl-tRNA 

synthetases (34, 35). Although we did not observe an immediate effect of  oxidant 

treatment  on tRNA thiolation levels, continuous exposure to oxidants, or high local 

oxidant  concentrations, may  alter the balance between thiolation and protein 

modification by  Urm1. During conditions of  oxidative stress, the role of  Urm1 as post-

translational modifier may become increasingly important.

The dual role of  Urm1 as a sulfur donor and a post-translational modifier emphasizes 

its  place as an evolutionary  intermediate between ancient  prokaryotic sulfur carriers 

and the eukaryotic Ub/Ub-like conjugation system (7, 13). Indeed,  although Urm1 is 

thiocarboxylated in a manner similar to the prokaryotic MoaD and ThiS (13), its 

conjugation to proteins is  at least partially  analogous to Ub conjugation. Both Ub and 

Urm1 require ATP-dependent activation of  their C-terminal glycine by  an E1-like 

enzymatic activity  (5, 15).  In addition,  we show that urmylation likely  requires a 

thioester intermediate and that Urm1 is conjugated to lysine residues in substrates 

through an isopeptide bond, similar to ubiquitylation. Unlike Ub, however, we did not 

observe poly-urmylation, despite the presence of  several surface-exposed lysine 

residues in Urm1 itself  (2,  3). In addition, no E2, E3, or deurmylating enzymes have 

been identified for Urm1 so far. How does substrate recognition take place in the 

absence of  a ligase? Urm1 is conjugated to a specific  site in a limited number of 

targets.  In addition, thiocarboxylate C-terminal modification of  eGFP is not sufficient 

to enable it to engage in conjugate formation.  Thus, what determines recognition of 

substrates by  Urm1 remains unclear at present and requires further study. In 

addition,  now that we have defined the conditions that potentiate urmylation, one of 

the next steps will be to determine whether a deurmylating activity exists. 

Two Ub-like small archaeal modifiers (SAMP1 and SAMP2) exist in Haloferax 

volcanii (36). Minimal SAMP conjugation (SAMPylation) occurs when cells are grown 

under standard conditions, while nitrogen limitation causes an increase in the 

number of  SAMP conjugates (36). Thus, both SAMPylation and urmylation occur in 

response to an environmental cue. We identified three substrates for urmylation that 

are components of  the Urm1 pathway  itself. Their archaeal homologues are targets 

for SAMPylation (36). Furthermore, no apparent E2 or E3 homologs are present in 

H. volcanii, while the only  E1-like enzyme for SAMP is homologous to Uba4 (36). 

Although it was not determined whether the C-terminal glycine of  SAMP1 or SAMP2 

60



is thiocarboxylated, the analogies between SAMPylation and urmylation are striking 

and either or both may  well be archaeal ancestors of  Urm1. Urm1 homologues have 

perhaps adapted themselves to respond to a variety  of  intra- and extracellular cues 

in the different kingdoms of life. 

The generation of  oxidants during cellular metabolism may  damage DNA, lipids, and 

proteins (22).  Cells have developed several strategies to limit, prevent, or repair such 

damage (22, 23),  one of  which is an increase in reversible or irreversible 

modifications of  cysteine residues to protect proteins against oxidizing damage, e.g. 

glutathionylation and nitrosylation (37). Oxidative stress also inhibits conjugation of 

the small ubiquitin-related modifier SUMO to cytosolic targets, although the 

functional consequences of  this decrease are not known (38). What is the function of 

Urm1 during oxidative stress? Urmylation may  modify  a subset of  proteins to protect 

them against  oxidizing damage and retain a pool of  essential,  functional proteins, in 

a manner similar to glutathionylation. Alternatively, Urm1 might recognize oxidized 

lysine residues and mark these proteins as damaged, either to target  them for 

proteolysis  or to transmit a “danger” signal to the cells.  In the latter case, Urm1 may 

function as “sensor” of  redox balance and alert the cell to an intra- or extracellular 

threat. 

Although the function of  urmylation of  Ahp1 remains unknown, modification of  this 

peroxiredoxin directly  links Urm1 to the stress response in yeast, induced by 

alterations in redox balance. It remains equally  enigmatic why components of  its own 

pathway, as well as CAS and possibly  other members of  the nuclear translocation 

machinery, are modified by  Urm1. Nuclear translocation is halted upon exposure to 

oxidants (39). Urmylation of  CAS could contribute to an arrest in nuclear transport, 

e.g.  by  decreasing the pool of  cytosolic importin . Alternatively, the Urm1-CAS 

conjugate may  not play  any  particular role during oxidative stress, but may  merely  be 

a consequence of  a block in nuclear translocation. Urmylated CAS may  represent a 

transient conjugate, stabilized upon oxidant exposure and an arrest  in nuclear 

transport.  ShRNA-mediated depletion of  CAS from HeLa cells results in a G2/M 

arrest  (40), a phenotype similar to that described for Urm1-depleted cells (9). Further 

studies are required to determine the relationship between CAS and Urm1. 

Our data are the first that begin to define the requirements for urmylation and the 

identity  of  Urm1 substrates in mammalian cells.  The conservation of  oxidant-induced 

urmylation from yeast to mammalian cells suggests an important  role for Urm1 

modification in the response of cells to oxidative damage. 
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Experimental procedures

Cell lines and Treatments 

Cells. HeLa cells were obtained from ATCC and cultured in DMEM supplemented with 10% inactivated fetal 
calf serum and pen/strep at 37°C, 5% CO2. Treatments. In Fig. 1C: 400 M diamide for 10 min; serum- and 
glucose-free DMEM for 5 hrs; 100 nM rapamycin for 18 hrs; proteasome inhibition using 25 g/ml MG132 for 

6 hrs; DNA damage by 24.5 Gy of -irradiation followed by a 4 hrs recovery period; heat shock by incubation 
at 40°C for 6 hrs; hypoxia by incubation at 5% O2 for 2 days; ER stress using 5 g/ml tunicamycin for 18 hrs; 

DMEM lacking any amino acid for 5 hrs. In all other figures: cells were washed twice in PBS and treated with 
400 μM diamide or 5 mM H2O2 in PBS for 10-15 min. 

In Vitro Urmylation Assay
For each immunoprecipitation, 200 ng of HA-Urm1-COOH or HA-Urm1-COSH was diluted in NP40 lysis 

buffer (50 mM Tris, 150 mM NaCl, 5 mM EDTA, 0.5% NP40, pH 7.5) and immobilized on 16 μL of anti-HA 
agarose for 2 hr at 4°C. Beads were washed 2 times in lysis buffer to remove unbound material. HeLa cells 
were lysed in 1% SDS and diluted to 0.1% SDS in NP40 lysis buffer supplemented with Complete protease 

inhibitors. Beads were incubated in either HeLa lysate or 0.1% SDS lysis buffer in the presence or absence 
of 400 μM diamide for 1 hr at 4°C. Beads were washed 3 times in NP40 lysis buffer and eluted by boiling in 

sample buffer supplemented with DTT.
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Supplemental information

Supplemental experimental procedures

Yeast strains

Yeast strains used are listed in Table S2. Strains are isogenic to DF5. All deletion mutants were constructed 
by a PCR-based strategy (1, 2) and confirmed by PCR using specific primers.

Yeast protein techniques
In order to detect urmylated species, yeast cells (OD600 = 1.0) were treated with 10 mM NEM or 20mM 

diamide for 1h. To preserve post-translational modifications cells were lysed under denaturing conditions (1). 
For SDS/PAGE, commercial 4-12% gradient gel systems (Invitrogen) were used. Gels were run using a Mops 
buffer (50 mM Tris base, 50 mM Mops, 0.1%SDS, 1 mM EDTA) and blotted on PVDF membranes 

(Immobilon-P; Millipore) by standard methods for subsequent Western blot analysis.

Antibodies 
Anti-HA-HRP and anti-HA agarose (both 3F10) were purchased from Roche. Anti-p97 and anti-FLAG were 
from Fitzgerald Industries International and Sigma, respectively. Anti-FLAG-HRP and Anti-Histone H4 were 

obtained from Cell Signaling. Anti-PDI and anti-CAS (ab70547) were purchased from Abcam. Anti-CAS 
(sc-1708) was from Santa Cruz Biotechnology. Anti-USP15 was purchased from Abnova. Anti-GST-HRP was 

obtained from Qiagen. 

Constructs, Transfections, and Viral Transduction

Constructs. Human cDNA was prepared from HeLa cells using the SuperScript first-strand synthesis system 
(Invitrogen) and used as a PCR template to amplify human Urm1, MOCS3, ATPBD3 and CTU2 coding 

sequences. All constructs were cloned into pcDNA3.1+ or pcDNA3.1- (Invitrogen) according to standard 
procedures. The C-terminal glycine of Urm1 was deleted by Quick Change II Site-Directed Mutagenesis 
(Stratagene). HA-tagged Urm1 was subcloned into pLHCX retroviral plasmid (Clontech). A Tobacco Etch 

Virus (TEV) protease cleavage site was placed in between MOCS3 and FLAG but was not used in this study. 
MOCS3-TEV-FLAG and MOCS3-TEV-HA were subcloned into pLNCX2. A MOCS3 mutant in which all 

lysines have been replaced by arginines (MOCS3 KtoR- TEV-FLAG) was ordered at Genscript and 
subcloned into pLNCX2. Human ATPBD3, USP15 and control GFP lentiviral shRNA constructs were obtained 
from the TRC Consortium at the Broad Institute of MIT and Harvard (Boston, MA) distributed by Open 

Biosystems (ATPBD3) and Sigma (USP15). Transfections. All transfections were carried out using Fugene 6 
(Roche), according to the manufacturer’s instructions. Cells were harvested 24 hrs after transfection. Viral 

Transduction. For retroviral production, HEK293T cells were co-transfected with 4 μg of HA-Urm1 WT or HA 
Urm1 G in pLHCX, 3 μg of VSV-G and 3 μg of Gag/Pol using TransIT transfection reagent (Mirus). Viral 
supernatants were harvested after 40 hrs and filtered through a 0.45 μm filter. HeLa cells were infected in a 

6-well plate with 500 μL of viral supernatant supplemented with 4 μg/mL Polybrene (Sigma), spun at 1,020 x 
g for 90 min at RT, and incubated for 4 hrs before replacement of the medium. Antibiotic selection (0.25 mg/

mL Hygromycin B, Roche) was started 24 hrs after infection. Lentiviral production and transduction with 
shRNA constructs was described before (3).

Immunoprecipitation
Cells were treated as described and harvested by scraping in PBS or trypsinization. Cell pellets were lysed in 

1% SDS and diluted to 0.1% SDS in 50 mM Tris, 150 mM NaCl, 5 mM EDTA, 0.5% NP40, pH 7.5, 
supplemented with Complete protease inhibitors (Roche). Lysates were cleared of debris by centrifugation 
(13,500 x g for 10 min at 4°C). Protein concentrations were determined by BCA assay (Pierce), and 

equalized among samples. For immunoprecipitations, lysates were incubated at 4°C with either 16 μL of anti-
HA agarose for 2 hrs or 5 μL of anti-FLAG overnight. For anti-FLAG immunoprecipitations, 10 μL of protein G 

Sepharose (Sigma) was added 1 hr prior to completion of immunoprecipitation. Beads were washed 4 times 
in wash buffer (50 mM Tris, 150 mM NaCl, 5 mM EDTA, 0.1% NP40, pH 7.5) and eluted by boiling in 20 μL 
sample buffer supplemented with DTT, unless indicated otherwise. Immunoprecipitates were resolved by 

SDS PAGE and subjected to either Western blotting or silver staining. 

Western Blot Analysis
Polypeptides were resolved by SDS PAGE using either the Tris-Tricine or Tris-Glycine gel system. N-acryloyl 
amino phenyl mercuric chloride (APM) was synthesized as described (4). Where indicated 25 μM of APM 

was added to the resolving gel, before addition of Temed and APS. DTT was excluded from samples 
resolved on APM polyacrylamide gels, as DTT reacts with mercury as well. Gels were transferred to PVDF 

membrane and blocked with 5% nonfat dried milk in PBS supplemented with 0.1% Tween 20 (PBS-T) 
overnight at 4°C or 1 hr at RT. Membranes were probed with anti-HA-HRP (1/5000, 1 hr RT), anti-p97 
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(1/3000, 1 hr RT), anti-FLAG-HRP (1/1000, overnight 4°C), anti-CAS (1/500 (sc-1708) or 1/10,000 
(ab70547), overnight 4°C), anti-USP15 (2 μg/mL, overnight 4°C),anti-Histone H4 (1/2000, overnight 4°C), 
anti-PDI (1/1000, overnight 4°C), or anti-GST-HRP (1/5000, 1 hr RT) in 1% nonfat dried milk. Membranes 

were washed 3 times in PBS-T and if necessary probed with a secondary antibody for 1 hr at RT (anti-mouse 
IgG-HRP for p97, PDI, and USP15, anti-goat IgG-HRP for CAS (sc-1708), anti-rabbit IgG-HRP for CAS 

(ab70547) and Histone H4). Membranes were washed 3 times in PBS-T and 1 time in PBS, and developed 
using Western Lighting Chemiluminescence Reagent Plus (Perkin Elmer).

Protein Identification by LC-MS/MS
Individual polypeptides were excised from silver stained gels and subjected to trypsinolysis after reduction 

and alkylation of disulfide bond (5). The samples were separated using a nanoflow liquid chromatrography 
system (Waters NanoAcquity) equipped with a self-packed picofrit column (75micron ID, 10cm, 5 micron tip 
NewObjective) at a flow rate of approximately 250 nl/min. The LC system was directly coupled to a linear ion 

trap tandem mass spectrometer (ThermoFisher LTQ). Analysis was performed in using data dependant 
analysis to maximize the number of peptides subjected to fragmentation. MS/MS data were processed and 

subjected to database searches using Sequest (ThermoFisher) against NCBI non-redundant (nr) databases. 
Sequest filters used for indication of a positive peptide identification were: XCorr vs Charge State = 1.5, 2.00, 
2.50; Sp – Preliminary Score = 500. Three peptides were required for a protein to be considered a positive 

identification. Data interpretation from all bands was aided by the MSRAT program (Protein Forest).

Recombinant Protein Expression and Purification
HA-Urm1 and HA-eGFP were amplified by PCR, adding a diglycine motif to the C-terminus of eGFP, and 
inserted into pTYB2 (NEB) using standard procedures. Both plasmids were transformed into Rosetta E.coli 

(Novagen) for recombinant expression as intein-CBD fusion proteins. Rosetta were grown in 2YT medium 
(16 g/L Tryptone, 10 g/L yeast extract, 5 g/L NaCl) at 30°C. At OD600 = 0.5 cells were cooled to 18°C and 

expression was induced with 1 mM isopropyl- -thiogalactoside. After 18 hrs, cells were harvested by 
centrifugation (4,000 x g for 30 min at 4°C). Protein was purified as described (6-8). Briefly, cell pellets were 
resuspended in 20 mL of column buffer (20 mM Tris-HCl pH8.0, 500 mM NaCl, 0.1 mM EDTA, 0.1% Triton 

X-100, supplemented with Complete protease inhibitors and 10 μg/ml DNAse) per liter of culture, lysed by 
sonication, and cleared by centrifugation (15,000 x g for 30 min at 4°C). The lysate was passed 3 times over 

a column with 30 ml of chitin resin (NEB) that was equilibrated in column buffer. The resin was washed with 
300 ml of column buffer, followed by 120 ml of column buffer lacking Triton X-100. Carboxylated or 
thiocarboxylated protein was eluted by overnight incubation of the chitin resin in 30 ml of cleavage buffer (20 

mM Tris-HCl pH8.0, 500 mM NaCl, 0.1 mM EDTA) supplemented with 30 mM DTT or 30 mM ammonium 
sulfide, respectively. Proteins were further purified by size exclusion chromatography on S75 Sephadex resin 

using PBS as eluent, and analyzed by electrospray ionization mass spectrometry to verify proper 
modification of the C-terminus. 

Thioester Assay
Reaction mixtures for the thioester assay (30 μl) contained 2 μM His-MOCS (purified from SF21 insect cells 

according to standard procedures), 50 μM His-HA-Urm1 (purified from E.coli according to standard 
procedures) and an ATP regenerating system (5 mm ATP, 10 mm creatine phosphate, 3.5 units/ml creatine 
kinase) in 5 mM MgCl2, 50 mM Tris pH 7.4, 75 mM NaCl. Reactions were incubated for 90 min at RT and 

terminated in non-reducing or reducing sample buffer by incubating for 15 min at 30°C or 5 min at 95°C 
respectively. As positive control, 0.5 μM GST-Ub (purified from E.coli according to standard procedures) was 

incubated with 0.1 μM human His-Ube1 (Boston Biochem) as decribed above and incubated for 10 min at 
RT. 

Ub-AMC hydrolysis assay
Ub-AMC assays were performed in assay buffer (50 mm Tris pH 7.5, 150 mm NaCl, 2 mm EDTA, 2 mm DTT, 

1 mg/ml bovine serum albumin) at 37 °C. Ub-AMC hydrolysis was performed in a total volume of 40 μl with 
20 nM His-USP15 (Enzo Life Sciences) or 20 nM His-USP8 (Boston Biochem) and 1 μM Ub-AMC (Boston 
Biochem) in a 384-well NUNC black plate. Data were collected with a Spectramax M2 plate reader 

(Molecular Devices) with a 368 nm/467 nm filter pair and a 455-nm cutoff. 

Northern Blot Analysis
Total RNA was extracted from HeLa cells using TRIzol reagent (Invitrogen) according to the manufacturer’s 
instructions. Ten micrograms of RNA was separated on an 8% PAGE gel (Sequagel, National Diagnostics), 

with or without 20 μM N-acryloylamino phenyl mercuric chloride (APM). Gels were transferred to GeneScreen 
Plus membrane (PerkinElmer), UV-crosslinked, and processed according to standard procedures. A DNA 

probe complementary to human tRNALys(UUU) was end-labeled with [ -32P]ATP (PerkinElmer) using T4 
polynucleotide kinase (NEB). 
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Suppelemental figures

Fig. S1. (A and B) RNA was extracted from untreated or oxidant-treated HA-Urm1 WT and HA-Urm1 G 
HeLa cells, separated on a denaturing polyacrylamide gel, transferred to a nylon membrane, and subjected 

to Northern blotting. Radioactive oligonucleotides were used to detect tRNALys(UUU). A polyacrylamide gel 
supplemented with APM (upper panel) was used to distinguish between thiolated and unmodified tRNA 

molecules, whereas a gel devoid of APM (lower panel) served as control. (B) The amount of thiolated 
tRNALys(UUU) as percent of total tRNALys(UUU) was determined by densiometric quantification. (C) Efficiency of 
ATPBD3 knockdown in HeLa cells 4 days after lentiviral transduction of GFP (control) or 4 different ATPBD3 

shRNA constructs. In the absence of an antibody for ATPBD3, we transfected ATPBD3-HA 3 days after 
lentiviral transduction (i.e. one day before harvesting samples) to detect reduction in ATPBD3 protein levels 

via its HA epitope. Construct #4 most efficiently depletes ATPBD3 protein levels. (D) Urmylation is modestly 
increased in ATPBD3-depleted cells. ShATPBD3 construct #4 was used to reduce endogenous ATPBD3 
protein level in HA-Urm1 WT HeLa cells. shGFP was used as control. Four days after lentiviral transduction, 

cells were left untreated or treated with diamide or H2O2. HA-Urm1 was immunoprecipitated from SDS 
lysates through its HA epitope, and immunoprecipitates were separated by SDS PAGE and subjected to anti-

HA immunoblotting. The slight increase in oxidant-induced urmylation observed in shATPBD3 cells is most 
likely attributed to an increase in the fraction of thiocarboxylated Urm1 in the absence of the downstream 
thiouridylase ATPBD3. Fig. S1. (E) Urm1 modifies Ahp1 upon treatment of cells with 10mM NEM for 1h. 

Extracts were made after treatment of cells with 10mM NEM for 1h. The blot was probed with an HA-specific 
antibody to probe for HA-Urm1 conjugates. (F) Schematic diagram of the reaction mechanism of diamide and 

H2O2. (G) Diamide, but not H2O2, induces urmylation in cell lysates. Lysates from HeLa cells expressing HA-
Urm1 WT of HA-Urm1 G were treated with 400 M diamide or 5 mM H2O2. HA immunoprecipitates were 
separated on a polyacrylamide gel and subjected to anti-HA immunoblotting. 
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Fig. S2. Detection of a DTT- 

and NH2OH-sensitive linkage 
between Urm1 and MOCS3 in 

vitro. Recombinant human His-
MOCS3 and His-HA-Urm1 were 
co-incubated at a 1:25 molar 

ratio in the presence or absence 
of an ATP regenerating system. 

Where indicated, 5 mM NH2OH 
was added to the reaction. 
Reactions were stopped in non-

reducing (upper panel) or 
reducing (lower panel) sample 

buffer, separated by SDS 
PAGE, and analyzed by anti-
HA immunoblot. As a positive 

control, His-Ube1 was co-
incubated with GST-Ub at a 1:5 

molar ratio in the presence or 
absence of an ATP regenerating 
system (left panels). Reactions 

were analyzed by anti-GST 
immunoblot. 

Fig. S3. (A) ESI-MS of recombinant HA-Urm1-COOH (left) and HA-Urm1-COSH (right). The mass of HA-
Urm1-COSH is 16 Da larger as compared to HA-Urm1-COOH, consistent with the exchange of an oxygen for 

a sulfur atom (B) ESI-MS of 5 μM recombinant HA-Urm1-COOH (left) and HA-Urm1-COSH (right) incubated 
with 400 μM diamide for 10 min. Diamide (molecular weight 172.19 Da) does not modify Urm1.
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Fig. S4. Characterization of urmylation in vitro. (A) LC-MS/MS analysis reveals the appearance of Urm1 

peptides in high molecular weight fractions upon diamide treatment. HA-Urm1-COSH was immobilized onto 
HA agarose and treated with a HeLa extract in the presence or absence of 400 μM diamide. Anti-HA 

immunoprecipitates were separated by SDS PAGE. All bands were excised and digested with trypsin, 
followed by LC-MS/MS analysis. Numbers of Urm1 peptides recovered from individual gel slices are plotted 
in a bar graph. (B) Immobilized HA-Urm1 COSH was treated with a denatured HeLa extract and/or diamide. 

Anti-HA immunoprecipitates were boiled in the absence or presence of a reducing agent (DTT), resolved on 
a polyacrylamide gel, and analyzed by anti-HA immunoblotting. (C) In vitro urmylation requires the 

simultaneous presence of diamide and lysate. HA-Urm1-COSH was immobilized on HA agarose and 
subsequently treated as follows: lysate and diamide simultaneous (lane 1), no treatment (lane 2), lysate only 
(lane 3), diamide only (lane 4), diamide for 1 hr, followed by 3 wash steps and subsequently lysate for 1 hr 

(lane 5), or lysate for 1 hr, followed by 3 wash steps and subsequently diamide for 1 hr (lane 6). (D) 
Urmylation involves the formation of a thioester intermediate. Immobilized HA-Urm1-COSH is treated with 

lysate and/or diamide in the presence or absence of the thioester-cleaving compound NH2OH (50 mM). (E) 
NH2OH added to Urm1 immunoprecipitates prior to boiling does not affect Urm1 adduct formation.  
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Fig. S5. (A) Large scale affinity 
purification of Urm1 adducts. HA-
Urm1 WT and HA-Urm1 G cells 

were either left untreated, or 
exposed to diamide or H2O2. 

Urm1 was retrieved through its 
HA epitope from SDS lysates. Five 
percent of the immunoprecipitates 

were separated by SDS PAGE 
a n d a n a l y z e d b y a n t i - H A 

immunoblotting to verify that 
oxidant treatment was successful 
(shown here). The remainder was 

resolved by SDS PAGE and 
visualized by silver staining. All 

bands were excised and digested 
with trypsin for analysis by LC-MS/
MS. (B) USP15 is react ive 

towards Ub adducts but not Urm1 
adducts. Two μM recombinant 

human His-USP15 was incubated 
w i t h H A - U r m 1 a d d u c t s 
immunopurified from HA-Urm1 

WT cells that were lysed in a 0.1% 
NP40-containing buffer. Reactions 

were incubated 2 hrs or overnight 
and separated by SDS PAGE. 
Urm1 adducts were detected by 

anti-HA immunoblot (right panel). To ascertain that recombinant USP15 was enzymatically active, we 
measured Ub-AMC hydrolysis by USP15 or human His-USP8 (positive control). Reactions were run in 

triplicate (left panel). (C) Endogenous USP15 was efficiently depleted using two specific shRNAs delivered by 
means of lentiviral transduction. The control shRNA (GFP) has no effect (left panel). Free Urm1 or oxidant-
induced Urm1 adducts were immunoprecipitated from control or USP15-depleted cells. Immunoprecipitates 

were separated by SDS PAGE and analyzed by anti-HA immunoblot. 

Fig. S6. (A) Mutation of the 
active site lysine of MOCS3 does 
not abrogate its modification by 

Urm1 upon oxidant treatment. 
HA-Urm1 WT and HA-Urm1 G 

cells were transiently transfected 
with wild type MOCS3 (MOCS3 
WT-FLAG) or mutant MOCS3 in 

which the active site lysine has 
been replaced by arginine 

(MOCS3 K413R-FLAG). After 24 
hrs, cells were treated with either 
diamide or H2O2. Anti-FLAG 

immunoprecipitation recovered 
MOCS3 from SDS lysates, and 

modif icat ion by Urm1 was 
d e t e r m i n e d b y a n t i - H A 
immunob lo t t ing . (B ) Urm1 

modifies Ahp1 on lysine K32. 
urm1 strains were transformed 

w i t h i n t eg ra t i ve p l asm ids 
expressing N-terminal HA-tagged 

Urm1 under the control of the ADH1-promoter (HA-Urm1). This strain was used to either delete UBA4 (HA-

Urm1 uba4) or AHP1 (HA-Urm1 ahp1). The HA-Urm1 ahp1 strain was taken to introduce linearized 
integrative plasmids expressing different myc-tagged Ahp1 variants under the control of the ADH1-promoter. 

The constructed strains were then grown in presence of NEM and 1 OD samples were taken. Denaturing 
extracts were subjected to Western blot analysis with anti-myc and anti-HA antibodies. Lower panel: Dpm1, 
loading control. 
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Table S1. LC-MS/MS identification of proteins uniquely modified by HA-Urm1 WT in response to 
oxidant treatment.

Reference Protein name Diamide H2O2

Urm1/Ubiquitin pathhway
NP_660275 ATP binding domain 3 + +
NP_055299 Molybdenum cofactor synthesis 3 + +
NP_006304 Ubiquitin-specific peptidase 15 - +
NP_060414 Ubiquitin-specific protease 47 + +
NP_062538 E3 ubiquitin-protein ligase BRE1A - +

Nuclear transport
NP_001307 Chromosome segregation 1-like - +
NP_002874 Ran GTPase activating protein 1 - +
NP_006353 Nuclear RNA export factor isoform 1/2 - +
NP_056046 Nucleoporin 160 kDa - +

tRNA modification
NP_060225 Nol1/Nop2/Sun2 domain family member 2 + +
NP_003631 Elongator complex protein 1 - +

RNA binding, proceessing and transport
NP_056455 Serpine 1 mRNA binding protein 1 - +
NP_001410 ELAV-like protein 1 + -
NP_002902 Regulator of nonsense transcripts 1 + -
NP_006436 U5-snRNP specific protein + -
NP_004388 Probable ATP-dependent RNA helicase DDX6 - +

Oxidative stress
NP_000604 Hemopexin precursor + -
NP_001748 Carbonyl reductase isoform 1/3 - +

Miscellaneous 
NP_858059 O-linked GlcNac transferase isoform 2 + -
NP_001054 Transferrin precursor + -
NP_005555 Lipocalin 2 precursor + -

HA-Urm1 WT and HA-Urm1 G cells were either left untreated, or exposed to diamide or H2O2. Urm1 was 

retrieved through its HA epitope from SDS lysates. The immunoprecipitates were boiled in the presence of 
DTT, separated by SDS PAGE and visualized by silver staining. All bands were excised and subjected to 

trypsin digestion for analysis by LC-MS/MS. This table lists 21 proteins that were represented by at least 3 
peptides in samples from HA-Urm1 WT cells treated with diamide or H2O2 and absent from untreated cells or 
HA-Urm1 G cells exposed to diamide or H2O2. 
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Table S2. List of the yeast strains used in this study 

Strain Genotype Source

DF5 trp1-1 his3 200 ura3-52 leu2-3,11 lys2-801 (1)

KS200 DF5, HAURM1::natNT2 This study

KS201 DF5, HAURM1::natNT2 uba4::KanMX6 This study

KS202 DF5, AHP1myc::HisMX6 This study

KS203 DF5, HAURM1::natNT2 AHP1myc::HisMX6 This study

KS204 DF5, ahp1::KanMX6 pYI-pADH1-AHP1-myc-tADH::LEU2 This study

KS210 DF5, urm1::natNT2 pYI-pADH1-HAURM1-tADH ::URA3, ahp1::KanMX6 pYI-ADH1-

pAHP1myc-tADH :: LEU2

This study

KS211 DF5, urm1::natNT2 pYI-pADH1-HAURM1-tADH ::URA3, uba4::KanMX6 ahp1::HisMX6 This study

KS212 DF5, urm1::natNT2 pYI-pADH1HAURM1-tADH ::URA3, ahp1::KanMX6 pYI-pADH1-

AHP1K8,9R-myc-tADH :: LEU2

This study

KS213 DF5, urm1::natNT2 pYI-pADH1HAURM1-tADH ::URA3, ahp1::KanMX6 pYI-pADH1-

AHP1K32R-myc-tADH :: LEU2

This study

KS214 DF5, urm1::natNT2 pYI-pADH1HAURM1-tADH ::URA3, ahp1::KanMX6 pYI-pADH1-

AHP1K47,48R-myc-tADH :: LEU2

This study

KS215 DF5, urm1::natNT2 pYI-pADH1HAURM1-tADH ::URA3, ahp1::KanMX6 pYI-pADH1-

AHP1K79,81-myc-tADH :: LEU2

This study

KS216 DF5, urm1::natNT2 pYI-pADH1HAUrm1-tADH ::URA3, ahp1::KanMX6 pYI-pADH1-

AHP1K107,113R-myc-tADH :: LEU2

This study

KS217 DF5, urm1::natNT2 pYI-pADH1HAUrm1-tADH ::URA3, ahp1::KanMX6 pYI-pADH1-

AHP1K124R-myc-tADH :: LEU2

This study

KS218 DF5, ahp1::HisMX6 pYI-pAHP1-AHP1-myc-tADH :: URA3 This study

KS219 DF5, ahp1::HisMX6 pYI-pAHP1-AHP1C31S-myc-tADH :: URA3 This study

KS220 DF5, ahp1::HisMX6 pYI-pAHP1-AHP1K32R-myc-tADH :: URA3 This study

KS221 DF5, uba4::KanMX6 pYI-pADH1-mycUBA4 –tADH::LEU2 This study

KS222 DF5, urm1::natNT2 pYI-pADH1-HisHAURM1-tADH ::URA3, uba4::KanMX6 pYI-pADH1-
mycUBA4 –tADH::LEU2

This study

KS223 DF5, urm1::natNT2 pYI-pADH1-HisHAURM1-tADH ::URA3, uba4::KanMX6 pYI-pADH1-
mycUBA4C225S –tADH::LEU2

This study

KS224 DF5, urm1::natNT2 pYI-pADH1-HisHAURM1-tADH ::URA3, uba4::KanMX6 pYI-pADH1-
mycUBA4C397S –tADH::LEU2

This study

KS225 DF5, urm1::natNT2 pYI-pADH1-HisHAURM1-tADH ::URA3, uba4::KanMX6 pYI-pADH1-
mycUBA4C225,397S –tADH::LEU2

This study

1. Finley D, Ozkaynak E, & Varshavsky A (1987) The yeast polyubiquitin gene is essential for 
resistance to high temperatures, starvation, and other stresses. Cell 48(6):1035-1046.
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4  Transgenic mice expressing a dominant negative 

 Urm1 mutant fail to generate offspring

Abstract

The highly  conserved ubiquitin-related modifier Urm1 is an unusual member 

of  the ubiquitin family, as its C-terminal glycine is derivatized to a 

thiocarboxylate by  the addition of  sulfur. The role of  thiocarboxylated Urm1 

is twofold; it functions as sulfur donor in the thiolation of  certain tRNA 

species and as protein modifier during conditions of  oxidative stress. 

However, the functional consequences of  a defect in either pathway  remain 

unclear. We generated transgenic mice that express a mutant of  Urm1 (HA-

tagged Urm1 G) in a doxycycline-inducible fashion. In the absence of  its 

C-terminal glycine, Urm1 can not be modified with a thiocarboxylate, and 

consequently  HA-Urm1 G competes with endogenous Urm1 in a 

dominant-negative manner. We demonstrate that the transgene is robustly 

expressed in several tissues upon doxycyline addition, and reduces tRNA 

thiolation up to 80%. HA-Urm1 G transgenic mice fail to generate offspring 

when maintained on doxycycline, unlike their wild-type counterparts. 

Although further experiments will have to determine whether this failure is 

attributable to a defect  in tRNA thiolation or Urm1 protein modification, this 

observation underscores the importance of  the Urm1 pathway  in embryonic 

development. 
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Introduction

The ubiquitin-related modifier Urm1 belongs to the ubiquitin (Ub) family, as it adopts 

a -grasp fold and terminates with a diglycine motif  (1-3). Most eukaryotic members 

of  this family, including Ub, ISG15,  SUMO, and Nedd8, are protein modifiers that are 

conjugated to a substrate by  an enzymatic E1-E2-E3 cascade (4-7).  This results in a 

covalent linkage between the C-terminal glycine of  the modifier, and a lysine residue 

of  the substrate (4-7). The C-terminal chemistry  of  Urm1 is unusual, as the 

carboxylate of  its terminal glycine is modified to a thiocarboxylate, by  the addition of 

sulfur (8-10). Sulfur is mobilized from cysteine by  the cysteine desulfurase Nfs1 and 

transferred onto the sulfurtransferase MOCS3 (11). MOCS3 adenylates the C-

terminus of  Urm1 and transfers sulfur onto its terminal glycine to form a 

thiocarboxylate (9, 10, 12). The function of  thiocarboxylated Urm1 is  twofold.  First, it 

has a role as sulfur carrier in the thio-modification of  certain tRNA species (8-10,  13, 

14). Secondly, an oxidizing environment triggers the conjugation of  thiocarboxylated 

Urm1 to target proteins, i.e. urmylation (15). 

Three tRNA species (tRNALys(UUU), tRNAGlu(UUC), and tRNAGln(UUG)) contain a 

uridine in the first, or wobble, position of  the anticodon (U34) that is  universally 

modified with a methoxy-carbonyl-methyl modification at the 5’ position (mcm5), and 

a thiocarbonyl group at the 2’ position (s2) of  the uracil ring (16, 17). The enzymatic 

pathway  required for the mcm5 modification involves the Elongator complex (Elp1-6), 

Kti11-14, the Sit4 complex, and Trm9 (13, 18, 19).  Thio-modification of  U34 requires 

the Urm1 pathway  (8-10, 13, 14). Thiocarboxylated Urm1 interacts with the 

thiouridylase ATPBD3 (Ncs6 in S. cerevisiae),  which binds and adenylates tRNAs, 

and transfers sulfur from the C-terminus of  Urm1 onto U34 of  the tRNA (10, 14). 

UPF0432 (Ncs2 in S. cerevisiae) interacts with ATPBD3 and is additionally  required 

for tRNA thiolation, but its precise role is unclear (10, 20). 

Modifications within the anticodon stem and loop (ASL) domain of  tRNAs contribute 

to the efficiency  and fidelity  of  protein translation (16,  21).  Unmodified U34 can not 

stably  bind to codons on the ribosome and is therefore rarely  found in organisms 

(17). Modification of  U34 stabilizes the otherwise dynamic nature of  the ASL and 

thereby  improves base stacking between codon and anticodon at  the ribosome (16, 

22). In addition, the increased stability  of  the ASL may  facilitate translocation of 

tRNAs from the aminoacyl (A) site to the peptidyl (P) site (23). Finally, modification of 

U34 enables base-pairing to A- and G-ending codons, while restricting recognition of 

C- and T-ending codons, thereby  allowing translation of  a twofold degenerate codon 

(16, 24-26). 

Although the importance of  U34 modifications has been well studied at  the molecular 

level,  few studies have addressed their net effect on translational fidelity  and 

efficiency. Deletion of  an Elongator subunit  and/or Ncs6 in C. elegans or S. pombe 

significantly  reduced translation of  a reporter construct, but  its effect on translation of 
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endogenous proteins has not been determined (20, 27).  Loss of  Elongator subunits 

(Elp1-6), Ncs2, or Ncs6 in yeast results in pleiotropic phenotypes, including reduced 

growth rate, temperature sensitivity, and slow adaptation to altered growth conditions 

(28-31). Deletion of  Ncs6 alone, or in combination with an Elongator subunit, 

negatively  affects embryogenesis in C. elegans and the combined deletion results in 

synthetic lethality  in S. cerevisiae (20, 27, 32). Similar to Elongator, Ncs2, and Ncs6 

mutants, urm1  and uba4  yeast strains are viable but exhibit increased sensitivity 

towards stress conditions, including elevated temperature, starvation, and oxidant 

(diamide) treatment (1, 33, 34). 

Recently  we reported an additional function of  Urm1 that  may  explain some of  the 

phenotypes of  urm1  and uba4  yeast strains. We showed that an oxidizing 

environment triggers protein modification of  a limited set of  substrates by  Urm1 (35). 

Urmylation requires the C-terminal thiocarboxylate of  Urm1, and results  in covalent 

lysine-linked adduct formation (35). Whereas only  one target protein has been 

identified in yeast, i.e. the peroxiredoxin Ahp1, we identified several substrates for 

urmylation in mammalian cells using a proteomic approach, including the nuclear 

cytoplasmic shuttling factor cellular apoptosis susceptibility  protein (CAS) (33,  35). 

The functional consequences of protein urmylation remain unclear. 

In order to study  the importance of  the Urm1 pathway in tRNA thiolation and protein 

modification in higher eukaryotes, we generated a transgenic mouse model that 

expresses a mutant version of  Urm1, incapable of  thiocarboxylate formation at its  C-

terminus (HA-Urm1 G). We show that Urm1 G competes with endogenous Urm1 

in a dominant-negative manner and reduces tRNA thiolation up to 80% in vivo. 

Whereas adult mice maintained on doxycycline appear normal, they  fail to generate 

offspring, suggestive of  a defect in embryonic development. The failure to reproduce 

is dependent on gene dosage: while heterozygous mice generate significantly 

reduced numbers of  offspring, reproduction is  nearly  completely  abolished in 

homozygous mice. In contrast, tRNA thiolation is equally  reduced in both 

heterozygous and homozygous mice.  The miscorrelation between embryonic 

lethality  and inhibition of  tRNA thiolation in heterozygous and homozygous mice 

suggests that at least part of  this phenotype may  be explained by reduced levels of 

urmylation in HA-Urm1 G transgenic mice. 

Results

Urm1 G competes with endogenous Urm1 in a dominant-negative manner

To generate a dominant-negative Urm1 mutant, we deleted the C-terminal glycine of 

human Urm1, which is required for thiocarboxylate formation (10, 15). A 

hemagglutinin (HA) epitope tag facilitates detection of  the mutant. To verify  that 

deletion of  the C-terminal glycine abrogates thiocarboxylation of  Urm1, we stably 

expressed HA-Urm1 WT and HA-Urm1 G in HeLa cells, and retrieved Urm1 via HA 
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immunoprecipitation.  The immunoprecipitates were analyzed by  SDS PAGE in the 

absence or presence of  N-acryloylamino phenyl mercuric (APM) chloride (Fig. 1A). 

APM has been successfully  applied before to distinguish between thiolated and non-

thiolated RNA molecules or cysteine-free proteins (35, 36). Anti-HA immunoblotting 

demonstrated that a >50% of  Urm1 WT is thiocarboxylated, as evident from its 

slower migration on an APM-containing polyacrylamide gel. In contrast, the 

electrophoretic  mobility  of  HA-Urm1 G was unaltered in the presence of  APM, 

indicating that this mutant indeed fails to form a thiocarboxylate. To verify  that  non-

thiocarboxylated Urm1 G competes with endogenous wild-type Urm1, we analyzed 

the thiolation status of  tRNALys(UUU) by  Northern Blot. RNA was extracted from HeLa 

cells  expressing HA-Urm1 WT or HA-Urm1 G, separated on a denaturing 

polyacrylamide gel supplemented with APM, and transferred onto a nylon 

membrane. A radioactively-labeled DNA oligonucleotide complementary  to 

tRNALys(UUU) was used to detect thiolated and unmodified tRNALys(UUU) (Fig.  1B). 

Densitometric  quantification shows that thiolation of  tRNALys(UUU) is reduced to ~50% 

in the presence of  HA-Urm1 G. Thus, HA-Urm1 G competes with endogenous 

wild-type Urm1 in a dominant-negative manner. 

Fig. 1. Urm1 G is not thiocarboxylated and competes with endogenous Urm1 in a dominant-negative 

manner. (A) HA-Urm1 WT and HA-Urm1 G was immunoprecipitated from HeLa cells via its HA epitope, 
separated by SDS PAGE in the absence (left) or presence (right) of APM, and analyzed by anti-HA 

immunoblotting. Inclusion of APM allows differentiation between thiolated and non-thiolated proteins. (B) 
RNA extracted from samples described in (A) was analyzed by Northern Blot using a radioactive DNA probe 
specific for tRNALys(UUU) or tRNAHis(GUG) (control). Inclusion of APM allows differentiation between thiolated 

and unmodified tRNA. The percentage of thiolated tRNALys(UUU) was calculated by densitometric 
quantification.  

Generation of transgenic mice expressing HA-Urm1 G under a doxycycline-

inducible promoter

To study  the functional consequences of  a defect in the Urm1 pathway, we 

generated transgenic mice expressing HA-tagged murine Urm1 G using a 

previously  described transgene integration method mediated by  site-specific 

recombination combined with a flp-in strategy (Fig. 2A) (37).  This  strategy  allows 

integration of  a gene of  interest in the ColA1 locus (encoding type I collagen protein) 

in embryonic stem (ES) cells. The presence of  a tetracycline operator minimal 

promoter (tetO) driving the gene of  interest allows tetracycline-inducible expression 

of  the transgene, providing spatial and temporal control. Mice derived from ES cells 

carrying the tetO-HA-Urm1 G allele were therefore crossed with mice carrying the 
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tetracycline-inducible M2rtTA transactivator driven from the endogenous Rosa26 

promoter (previously  generated). In the presence of  doxycycline (a more stable 

tetracycline analogue), the M2rtTA transactivator binds the tetO promoter and drives 

expression of the HA-Urm1 G transgene (Fig. 2B). 

Fig. 2. Dominant-negative HA-Urm1 G is expressed in transgenic mice in a doxycycline-inducible 
manner. (A) Schematic illustration of the transgene integration strategy. The ColA1 locus in ES cells was 
targeted by homologous recombination with an frt-flanked neomycin resistance gene and a hygromycin 

resistance gene that lacks a promoter and an ATG start codon. The modified ColA1 locus was targeted by 
co-electroporation of ES cells with a plasmid encoding FlpE recombinase and a flp-in plasmid containing a 

PGK promotor, an ATG start codon, an frt site, and a tetracycline operator minimal promoter (tetO) driving 
HA-Urm1 G. FlpE recombinase mediates recombination between the frt sites, resulting in loss of the 
neomycin resistance cassette and insertion of the entire flp-in plasmid in a manner that restores and confers 

hygromycin resistance. (B) Schematic illustration of the Tet-On system. The M2rtTA (advanced reverse 
tetracycline transactivator) can only bind to the tetracycline operator minimal promoter (tetO) and drive gene 

expression in the presence of doxycycline. (C) MEFs derived from G-/+/rtTA-/+ (heterozygous) embryos were 
treated 4-12 days with 2 μg/ml doxycycline. Cell lysates were analyzed by anti-HA and anti-Urm1 
immunoblotting. (D) RNA prepared from samples described in (C) were subjected to Northern Blot analysis 

using a radioactive DNA probe specific for tRNALys(UUU). Inclusion of APM allows differentiation between 
thiolated and unmodified tRNALys(UUU). Variation in total tRNA levels between samples reflects unequal 

loading rather than altered stability. The percentage of thiolated tRNALys(UUU) was calculated by densitometric 
quantification.

In order to test successful targeting of  the ColA1 locus and inducible expression of 

the HA-Urm1 G transgene, we generated mouse embryonic fibroblasts (MEFs) 

from HA-Urm1 G-/+/M2rtTA-/+ (heterozygous, hereafter designated as G-/+/rtTA-/+) 

embryos at day  E13.5. MEFs were treated four to twelve days with doxycycline 

before harvesting. Cell lysates were analyzed by  anti-HA and anti-Urm1 

immunoblotting to verify  induction of  the transgene. HA-Urm1 G was strongly 

expressed already  four days after doxycycline addition (Fig. 2C). RNA was prepared 

from the same samples and analyzed by  Northern Blot in the presence or absence of 
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APM to determine the thiolation status of  tRNALys(UUU). Densitometric quantification 

shows that thiolation of  tRNALys(UUU) is ~70% reduced upon induction of  HA-Urm1 G 

(Fig. 2D). Unfortunately, we were unable to test  whether transgene expression 

affects protein modification by  endogenous wild-type Urm1, as the only  available 

antibody  directed against  Urm1 is of  poor quality  in the higher molecular weight 

range. Our analysis of  the dominant-negative effects of  HA-Urm1 G expression is 

therefore restricted to tRNA thiolation. Thus, HA-Urm1 G is successfully  expressed 

in a doxycycline-inducible manner in MEFs derived from G-/+/rtTA-/+ embryos and 

strongly inhibits tRNA thiolation.  

Transgenic expression of HA-Urm1 G inhibits tRNA thiolation in multiple 

tissues in vivo 

The dominant-negative effect of  HA-Urm1 G in vivo is determined by  the 

combination of  (a) the expression level of  endogenous wild-type Urm1 in a specific 

organ or tissue and (b) the degree of  transgene induction and thus the accessibility 

of  the organ or tissue to doxycycline. To determine the expression level of  wild-type 

Urm1 we isolated various organs from a wild-type C57BL/6J mouse, and analyzed 

cell lysates by  anti-Urm1 immunoblotting. Expression of  endogenous Urm1 is 

ubiquitous but particularly  high in the brain, the gastrointestinal tract, and tissues of 

the immune system, suggesting an important role for Urm1 in these locations (Fig. 

3A). We then maintained heterozygous ( G-/+/rtTA-/+) and control ( G-/-/rtTA-/+) mice 

for 14 days on doxycycline-supplemented drinking water, and harvested several 

organs.  Anti-HA and anti-Urm1 immunoblotting shows that expression of  the 

transgene is strongest in the small intestine and liver, two organs easily  accessible to 

doxycycline (Fig. 3B). Consequently, thiolation of  tRNALys(UUU) is ~75%  reduced in 

these organs (Fig.  3C). In lymph nodes and spleen the transgene is only  moderately 

expressed and tRNA thiolation is not significantly  reduced. We failed to detect 

induction of  HA-Urm1 G and altered thiolation levels in the brain, consistent with 

the notion that doxycycline crosses the blood-brain barrier poorly.  Heterozygous 

animals  treated for an extended period (4.5 months) with doxycycline showed 

improved thiolation levels in all organs, suggesting that cells may  adapt to actively 

counteract  the dominant-negative effect of  the transgene, e.g. by  upregulating other 

proteins in the Urm1 pathway (Fig. 3D). 

We next determined whether increased gene dosage, i.e. homozygosity, would 

exacerbate inhibition of  tRNA thiolation. We generated MEFs from G+/+/rtTA+/+ mice 

and treated these for two to twelve days with doxycycline.  Although transgene 

induction is more rapid in G+/+/rtTA+/+ MEFs, maximum expression levels are nearly 

equal between MEFs derived from heterozygous and homozygous animals (Fig. 4A). 

This  is reflected in the modification status of  tRNALys(UUU) in these samples; whereas 

thiolation is more rapidly  decreased in G+/+/rtTA+/+ MEFs, twelve days after 

doxycycline addition tRNA thiolation is equally  reduced by ~75% in both G-/+/rtTA-/+ 

and G+/+/rtTA+/+ MEFs (Fig. 4B). Similarly, doxycycline treatment of  homozygous 

mice reduces in vivo tRNA thiolation to the same extent as seen in heterozygous 
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animals  (Fig. 4C and 4D).  Thus, transgenic expression of  HA-Urm1 G inhibits tRNA 

thiolation ~75% in multiple tissues in vivo, independent of gene dosage.

Fig. 3. Transgenic expression of HA-Urm1 G inhibits tRNA thiolation in heterozygous mice in vivo 
(A) Expression of endogenous wild-type Urm1 in various tissues isolated from a wild-type C57BL/6J mouse. 
Cell lysates were prepared by mechanical lysis in an NP40-containing buffer. Protein concentration was 

equalized between samples. Lysates were analyzed by anti-Urm1 immunoblotting. Anti-p97 and anti- actin 
serve as loading control. (B) Control ( G-/-/rtTA-/+) and heterozygous ( G-/+/rtTA-/+) mice were maintained for 

14 days on doxycycline-supplemented drinking water. The indicated tissues were lysed and protein 
concentration was equalized. Lysates were analyzed by anti-HA and anti-Urm1 immunoblotting. S.I.: small 
intestine. (C) RNA extracted from samples described in (B) was subjected to Northern Blot analysis in the 

presence or absence of APM. The percentage of thiolated tRNALys(UUU) was calculated by densitometric 
quantification. S.I.: small intestine. (D) Control ( G-/-/rtTA-/+) and heterozygous ( G-/+/rtTA-/+) mice were 

treated for 4.5 months with doxycycline. RNA was extracted from the indicated tissues and analyzed by 
Northern Blot in the absence or presence of APM. The percentage of thiolated tRNALys(UUU) was calculated by 
densitometric quantification. S.I.: small intestine. L.I.: large intestine.

Mice expressing HA-Urm1 G fail to generate offspring

Although expression of  HA-Urm1 G strongly  reduces tRNA thiolation,  both 

heterozygous and homozygous mice appear healthy. When doxycycline is 

administered during a two-week period to either heterozygous ( G-/+/rtTA-/+) or 

homozygous ( G+/+/rtTA+/+) mice four weeks of  age,  all mice survive and no 

histological abnormalities are observed (data not shown). Similarly, doxycycline 

treatment  of  homozygous neonates does not cause illness or death,  and mice 

appear healthy  at weening age. To determine whether continuous transgene 

expression negatively  influences survival at later age, a group of  24 control ( G-/-/

rtTA+/+) and homozygous ( G+/+/rtTA+/+) mice (age four weeks; 11 females/13 males) 

were maintained on doxycycline for an extended period. Homozygous mice have 

slightly  reduced body  weight after six months of  doxycycline treatment, as compared 

to doxycycline-treated control mice (Fig. 5A). In addition,  a slight reduction in survival 
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is observed in homozygous mice after up to ten months of  doxycycline treatment, 

although no histological abnormalities were found, and mice succumbed for 

unknown reasons (Fig. 5B). In all cases, male and female mice were equally 

affected. Thus, although HA-Urm1 G expression strongly  inhibits tRNA thiolation, 

overall health and survival of transgenic mice is not significantly affected. 

Fig. 4. Maximum inhibition of tRNA thiolation is independent of gene dosage in HA-Urm1 G 
transgenic mice. (A) MEFs derived from G-/+/rtTA-/+ and G+/+/rtTA+/+ mice were treated for 2-12 days with 
doxycycline. Lysates were analyzed by anti-HA and anti-Urm1 immunoblotting. (B) RNA prepared from 

samples described in (A) was subjected to Northern Blot analysis in the presence of APM. The percentage of 
thiolated tRNALys(UUU) was calculated by densitometric quantification. (C) Control ( G-/-/rtTA+/+) and 

homozygous ( G+/+/rtTA+/+) mice were maintained 14 days on doxycycline. The indicated tissues were lysed 
and analyzed by anti-HA and anti-Urm1 immunoblotting. (D) RNA extracted from tissues in (C) was analyzed 
by Northern Blot in the presence of APM. The percentage of thiolated tRNALys(UUU) is calculated by 

densitometric quantification.

To determine whether transgene expression affects development, we maintained 

several breeding pairs on doxycycline. All mice were homozygous for rtTA and 

negative, heterozygous, or homozygous for HA-Urm1 G ( G-/-/rtTA+/+, G-/+/rtTA+/+ 

and G+/+/rtTA+/+). Whereas reproduction of  control ( G-/-/rtTA+/+) mice is not 

significantly  affected during a five-month period, homozygous ( G+/+/rtTA+/+) mice 

nearly  completely  fail to generate progeny  (Fig. 5C  and 5D). In addition,  although 

tRNA thiolation is equally  affected in heterozygous and homozygous mice, 

heterozygous mice were still able to produce progeny, although total number of  pups 

and litter size were significantly  reduced. Of  note, genotyping of  G-/+/rtTA+/+ progeny 

showed G-/-/rtTA+/+, G-/+/rtTA+/+, G+/+/rtTA+/+ mice were born at Mendelian ratios. 

Failure to produce offspring is not due to a problem with male fertility, as 

reproduction was not affected when a wild-type female was mated with a 

homozygous ( G+/+/rtTA+/+) male on doxycycline water. In addition, doxycycline does 
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not cross the blood-testis barrier efficiently  (37). Although we can not rule out that 

female fertility  is compromised in homozygous ( G+/+/rtTA+/+) mice, doxycycline 

readily  crosses the placenta and efficiently  regulates transgene expression during 

development (38-41). Thus, transgenic expression of  HA-Urm1 G results  in a 

failure to generate offspring and may  implicate the Urm1 pathway  in embryonic 

development.  

Fig. 5. Mice expressing HA-Urm1 G fail to generate progeny. (A) Body weight in g (mean + SD) of 
control ( G-/-/rtTA+/+, 12M/6F) and homozygous ( G+/+/rtTA+/+, 12M/4F) mice treated 6 months with 
doxycycline, starting at age 4 weeks. (B) Survival curve of control ( G-/-/rtTA+/+) and homozygous ( G+/+/rtTA
+/+) mice treated up to 10 months with doxycycline. Both groups consisted of 24 mice (13 males/11 females), 
and doxycycline treatment was started at age 4 weeks. (C) Cumulative number of pups from 5 breeding pairs 

in 5 months in control ( G-/-/rtTA+/+), heterozygous ( G-/+/rtTA+/+), and homozygous ( G+/+/rtTA+/+) mice. All 
mice were treated with doxycycline starting at age 5-5.5 weeks. Breeding pairs were set up at age 6-6.5 
weeks. The number of pups was counted at birth and after 4 weeks. (D) Litter size per breeding pair of 

control ( ), heterozygous ( ), and homozygous ( ) mice. Mean litter size per breeding pair is indicated.

Discussion

To study  the functional implications of  a defect in the Urm1 pathway, we generated a 

transgenic mouse model that expresses a dominant-negative Urm1 mutant. 

Transgenic expression of  HA-Urm1 G reduces tRNA thiolation from ~95% to ~20% 

in MEFs as well as multiple tissues in vivo. Since a high-quality  antibody  against 

endogenous Urm1 is unavailable,  we were not able to detect alterations in protein 

urmylation in these mice. Although heterozygous ( G-/+/rtTA-/+) and homozygous ( G
+/+/rtTA+/+) mice appear healthy,  their ability  to generate offspring is greatly  impaired. 

This  observation suggests that the Urm1 pathway  may be important during 

embryonic development. 
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While male fertility  is not affected, we have not yet determined whether female 

fertility  is reduced by  transgenic expression of  HA-Urm1 G. The efficiency  of 

conception as well as the specification of  the developmental stage at which 

embryonic lethality  occurs may  be determined by  studying timed pregnancies. 

However, doxycycline efficiently  crosses the placenta and may  regulate transgene 

expression in the developing embryos (38-41). Most studies report induction of 

transgenes during the second half  of  mouse embryonic development, i.e. starting at 

E10 (38, 40, 41),  however, transgene induction may  occur as early  as E2.5 in lung, 

thymus and thyroid (39). In adult mice fed with doxycycline-supplemented water 

transgene expression is highest in the gastrointestinal (GI) tract and absent in the 

brain. In contrast, in embryos transgene expression is nearly  absent in the GI tract 

and first induced in several tissues of  the nervous system, including the choroid 

plexus, olfactory  epithelium, and endolymphatic sac (38). Thus, the contrasting 

effects of  HA-Urm1 G expression in adult mice and embryos might be alternatively 

explained by the variation in target organ. 

While tRNA thiolation was equally  reduced by  ~75% in heterozygous and 

homozygous animals, the inability  to produce progeny  was more pronounced in 

homozygous mice. The miscorrelation between reduction in tRNA modification and 

embryonic lethality  in heterozygous and homozygous mice may  be explained by 

altered Urm1 protein modification in HA-Urm1 G mice. As lack of  a high-quality 

Urm1 antibody  prevented us from studying urmylation in HA-Urm1 G transgenics, 

we have currently  no information about Urm1 adduct formation in heterozygous 

versus homozygous animals. Thus, a defect in urmylation may be dependent on 

gene dosage and could possibly  explain increased lethality  of  homozygous embryos. 

Embryos experience low oxygen tension in utero, and many  organs show a 

remarkable ability  to develop under hypoxic conditions (42-46). In addition, oxygen 

levels  regulate survival and differentiation of  embryonic stem cells (42-44, 47). At 

birth,  the embryo needs to quickly  adapt to a rapid increase in oxygen levels, in order 

to survive (48). Thus, responses to sudden fluctuations in oxygen tension need to be 

carefully  controlled during development. It  is possible that  oxidant-induced 

urmylation exerts such control and a defect in the Urm1 pathway  may therefore 

negatively  affect embryonic development. In addition, while transgenic expression of 

HA-Urm1 G does not affect health of  adult mice under normal conditions, defective 

urmylation may  become detrimental under conditions of  oxidative stress, such as 

paraquat treatment.  

Despite the miscorrelation between inhibition of  tRNA thiolation and embryonic 

lethality  in heterozygous and homozygous mice, it  is likely  that a defect in tRNA 

modification significantly  contributes to early  embryonic death.  The combined 

deletion of  Ncs6 and an Elongator subunit results in synthetic lethality  in S. 

cerevisiae,  which can be rescued by  overexpression of  unmodified tRNALys(UUU), 

tRNAGln(UUG) and/or tRNAGln(UUC) (32). Similarly, many growth phenotypes of  yeast 

strains lacking Elongator, Ncs2, Ncs6, Urm1, or Uba4 may  be (partially) rescued by 
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overexpression of  the unmodified tRNAs (8, 20, 28). Thus, thiolation status of  tRNAs 

can significantly impact growth and survival. 

U34 modifications stabilize the ASL and codon-anticodon interactions at the ribosome, 

and thereby  promote translational efficiency  and fidelity  (16).  Lack of  s2 modifications 

on tRNAs as a result of  a defect in the Urm1 pathway  therefore likely  leads to 

inefficient or error-prone translation, which may  be particularly  detrimental during 

embryonic development. Possibly, a set of  proteins required for embryogenesis may 

harbor a high number and/or long stretches of  mcm5s2-dependent codons. Further 

studies,  combined with bioinformatics, will determine how translation is affected in 

embryos with a defect  in the tRNA thiolation pathway. To this end,  a ribosome-

profiling strategy  to quantitatively  monitor protein translation may  prove useful. This 

technology  is based on the deep-sequencing of  ribosome-protected mRNA 

fragments which, in combination with mRNA microarray  analysis,  provides an an-

depth and accurate measurement of  in vivo protein production (49). Thus, while our 

analysis of  HA-Urm1 G mice has revealed an important  and unexpected facet of 

Urm1 function on organismal level, additional work is required to study  the effect of 

the Urm1 pathway on embryonic development in more detail. 
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Experimental procedures

Animals

Transgenic animals expressing hemagglutinin-tagged mouse Urm1 lacking its C-terminal glycine (HA-Urm1 
G) were generated and intercrossed with M2rtTA transgenic mice as described in (37). All animals were 

housed at the Whitehead Institute for Biomedical Research and were maintained according to guidelines 
approbed by the MIT committee on Animal Care. For genotyping, DNA from tail tips was PCR-amplified as 
described in (50). Wild-type C57BL/6J mice were obtained from The Jackson Laboratory. Animals were fed 

with drinking water containing 1 mg/mL doxycycline (Sigma) dissolved in 0.5% sucrose (Sigma) to mask the 
bitter taste. Doxycycline water was kept in light-protected bottles and changed weekly. Histological analysis 

included: brain, stomach, small intestine, large intestine, liver, pancreas, kidney, lung, heart, ovary, uterus, 
spleen, lymph nodes, and thymus.

Cell Culture
Mouse embryonic fibroblasts were prepared by dissection and mechanical disruption of E13.5 embryos. 

Head, liver, and heart were removed and the remaining carcass pieces were digested overnight in 0.02% 
trypsin at 4°C, replated in DMEM supplemented with 15% fetal calf serum, 0.1 mM non-essential amino 
acids, 2 mM glutamine (all Invitrogen), 0.4 μM 2-mercaptoethanol, and penicillin/streptomycin, and grown at 

5% CO2, 37°C. Genotype of individual clones was verified by PCR. MEFs were treated with 2 μg/mL 
doxycycline (Sigma). HeLa cells were cultured as described in (35).

Immunoblotting 
Tissues samples were lysed by mechanical lysis using a Dounce homogenizer in 150 mM NaCl, 50 mM Tris, 

5 mM MgCl2, pH 7.5, supplemented with Complete protease inhibitors (Roche). Nonidet-P40 was added to a 
final concentration of 0.5% and lysates were cleared by centrifugation (13,500 x g for 10 min at 4°C). MEFs 

were lysed in the above-described NP40-containing lysis buffer without mechanical lysis. Protein 
concentrations were determined by BCA assay (Pierce) and equalized among samples. Immunoblotting was 
performed as described in (35). Anti-HA-HRP (3F10, Roche) was used at 5 ng/mL in non-fat dried milk for 1 

hr at RT. A polyclonal Urm1 antibody was generated by immunization of rabbits (Covance Research 
Products) with full length N-terminal His-tagged human Urm1 purified from Escherichia coli BL21 (DE3) 

Rosetta cells according to standard procedures. Anti-Urm1 serum was purified and concentrated as 
described in (51), and used 1/5000 in 0.5% Bovine Serum Albumin overnight at 4°C. 
 

Northern Blot Analysis
RNA was analysed by Northern Blot as described in (35). N-acryloylamino phenyl mercuric (APM) chloride 

was synthesized as described in (36). A DNA probe complementary to human (for HeLa) or mouse (for MEFs 
and mouse tissues) tRNALys(UUU)  or tRNAHis(GUG)  was used. Intensity of bands was determined by 
densitometric quantification using a PhosporImager (Fujifilm).  
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5  Urm1B, an alternate isoform of Urm1, is stabilized 

 and redistributed by its interaction with ATPBD3

Abstract

The Ubiquitin-related modifier Urm1 is a well-conserved, ubiquitously 

expressed member of  the ubiquitin (Ub) family. Its  dual function in tRNA 

thiolation and oxidant-dependent protein modification requires 

thiocarboxylate formation at the C-terminal glycine of  Urm1. 

Thiocarboxylated Urm1 interacts with the thiouridylase ATPBD3, which 

transfers  sulfur from Urm1 to a number of  tRNA species. We here 

characterize a splice variant of  Urm1,  referred to as Urm1B, which shares 

the N-terminal region with Urm1 but  encodes an alternate C-terminus. RT-

PCR analysis shows that Urm1B is transcribed in primary  cells,  as well as 

cell lines of  different origin.  Urm1B lacks a C-terminal diglycine motif  and is 

not thiocarboxylated. Urm1B is ubiquitylated and rapidly  degraded by the 

proteasome, unless stabilized by  co-expression with ATPBD3. We 

demonstrate that Urm1B interacts with ATPBD3, resulting in the 

redistribution of  Urm1B from the cytosol to the nuclear compartment. We 

hypothesize that Urm1B may  act as a negative regulator of  the Urm1 

pathway, and possibly exhibits an unknown function in the nucleus. 
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Introduction

The ubiquitin-related modifier Urm1 has sequence and structural homology  with 

members of  the ubiquitin (Ub) family  (1-3). Most eukaryotic members of  this family 

(e.g.  Ub, SUMO, Nedd8) are protein modifiers, while prokaryotic members (MoaD 

and ThiS) function as sulfur carriers in certain biosynthetic pathways (4-6). Urm1 is 

an evolutionary  intermediate that combines the functions of  both the eukaryotic Ub/

Ub-like protein modification pathway  and the prokaryotic sulfur carriers (7,  8). The C-

terminal glycine of  Urm1 is modified by  the sulfurtransferase MOCS3 to contain 

sulfur,  in the form of  a thiocarboxylate (9-12). During conditions of  oxidative stress, 

thiocarboxylated Urm1 is conjugated to several proteinaceous substrates (8, 13). In 

addition,  thiocarboxylated Urm1 has a role as sulfur donor in the thio-modification of 

certain tRNA species (9-11, 14, 15). To this end, Urm1 binds the thiouridylase ATP 

binding domain 3 (ATPBD3),  which binds and adenylates tRNA molecules and 

transfers  sulfur from the C-terminus of  Urm1 to the wobble uridine of  tRNALys(UUU), 

tRNAGlu(UUC), and tRNAGln(UUG) (10, 11, 16). 

Recently, sequencing of  human chromosome 9 led to the annotation of  an alternative 

transcript variant of  Urm1, referred to as Urm1 isoform b, or Urm1B 

(NM_001135947.1) (17). The transcript encoding Urm1 is composed of  five exons, 

generated by splicing of  four introns. Instead, the Urm1B transcript contains exon 

one to four of  Urm1, but fails to splice intron four, resulting in ‘intron retention’ and a 

fusion between exon four and intron four. Intron four encodes an in-frame stop 

codon, and exon five is therefore not translated from Urm1B transcripts. 

Consequently, Urm1 and Urm1B differ in their C-terminal region (Fig. 1A). Structural 

modeling of  Urm1B using the structure of  mouse Urm1 as template shows that 

Urm1B is sufficiently  homologous to Urm1 to retain the -grasp fold, a structural 

motif  present in all members of  the Ub family  (Fig. 1B).  Secondary  structure 

prediction of  its C-terminal domain suggests that this region is largely  disordered. It 

is unclear whether transcript variants of Urm1 exist in yeast and mice as well. 

We here describe the uncharacterized, alternate isoform of  Urm1. We show that 

Urm1B transcripts are expressed in primary  human cells, as well as several human 

cell lines of  different origin.  Urm1B does not terminate with a C-terminal diglycine 

motif  and consequently  cannot be modified with a thiocarboxylate. Urm1B is 

ubiquitylated and rapidly  degraded by  the proteasome. Its  stability  can be improved 

by  the presence of  a proteasome inhbitor, overexpression of  a highly  active 

deubiquitylating enzyme, or co-expression of  ATPBD3. We demonstrate that Urm1B 

interacts  with ATPBD3, and this interaction results in the redistribution of  Urm1 from 

the cytosol to, most likely, the nuclear compartment. Based on these preliminary 

data,  we hypothesize that Urm1B may act as a negative regulator of  the Urm1 

pathway in tRNA thiolation, and possibly has an unknown function in the nucleus. 
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Results

Urm1B is transcribed in multiple tissues

Although Urm1B is annotated as alternate transcript of  the Urm1 gene, aberrant 

splicing, e.g. as a result of  point mutations in the splice donor or accepter site,  could 

lead to an erroneous product that is subject to nonsense-mediated decay  and quickly 

degraded. To verify  that Urm1B transcripts are present and stable in human cells, we 

analyzed its expression by  RT-PCR. RNA was extracted from primary  human 

foreskin fibroblasts (HFFs) as well as several human cell lines, and reverse 

transcribed to generate cDNA. PCR analysis using primers specific for Urm1B 

showed that Urm1B transcripts are stably  expressed in all cell lines examined (Fig. 

1C).  Besides HFFs, these include cervical cancer cells (HeLa), gastric 

adenocarcinoma (AGS),  osteosarcoma (U2OS, not shown), hepatocellular 

carcinoma (HepG2, not shown), and embryonic kidney  fibroblasts (293T, not shown). 

Sequence analysis of  the PCR products verified amplification of  the proper targets. 

Thus, Urm1B is stably transcribed in multiple human tissues. 

Fig. 1: Urm1B transcripts are 
present in several human cell 

types. (A) Alignment of human Urm1 
a n d U r m 1 B . ( B ) R i b b o n 
representation of human Urm1B 

(right) based on the crystal structure 
of murine Urm1 (left). Secondary 

structure prediction suggests that the 
C-terminus of Urm1B is l ikely 
disordered. Dark grey elements in 

Urm1B indicate structural differences 
with Urm1. (C) RNA was extracted 

from primary HFFs and several 
human cell lines (shown here: HeLa, 
AGS, not shown: 293T, U2OS, 

HepG2). A cDNA l ibrary was 
generated by reverse transcription. 

PCR analysis using primers specific 
for Urm1B demonstrates that Urm1B 
transcripts are present in all cell 

types examined. GAPDH and Urm1 
serve as positive controls. Samples 

processed in the absence of reverse 
transcriptase (RT) serve as control 
for genomic contamination.

Chapter 5 | Urm1B, an alternate isoform of Urm1

93



The C-terminus of Urm1B is not thiocarboxylated

The terminal glycine of  Urm1 is modified with a thiocarboxylate by  the addition of 

sulfur (9-11). Urm1B lacks a terminal diglycine motif  (Fig.  1A) although proteolytic 

processing may  expose a single glycine residue at the C-terminus.  We expressed 

Urm1B with an N-terminal or C-terminal hemagglutinin (HA) epitope tag in HeLa cells 

and retrieved Urm1B by  HA immunoprecipitation.  The predicted molecular weight of 

HA-tagged Urm1B is 17 kDa. HA-Urm1B and Urm1B-HA are both detected as 

multiple species on an acrylamide gel, and their migration pattern is distinct from 

each other (Fig. 2, left panel). As we have yet no information about the behavior of 

the endogenous protein we will continue with both constructs. To determine whether 

Urm1B forms a thiocarboxylate, we analyzed the anti-HA immunoprecipitates on an 

acrylamide gel supplemented with N-acryloylamino phenyl mercuric (APM) chloride, 

an organic compound that has been successfully  used before to distinguish between 

thiolated and non-thiolated proteins and RNA molecules (8, 18). Cells expressing 

HA-tagged wild-type Urm1 or Urm1 lacking its C-terminal glycine ( G) were used as 

positive and negative control, respectively. In contrast to HA-Urm1 WT, the 

electrophoretic  mobility  of  HA-Urm1B and Urm1B-HA is not altered by  the inclusion 

of APM (Fig. 2, right panel). Thus, unlike Urm1, Urm1B is not thiocarboxylated. 

Fig. 2: Urm1B is not thiocarboxylated. HA-
Urm1B and Urm1B-HA were transiently 

expressed in HeLa ce l ls . Urm1B is 
immunoprecipitated via its HA tag and 

separated by SDS PAGE in the absence (left) 
or presence (right) of APM, followed by anti-
HA immunoblotting. HA-Urm1 wild-type (WT) 

and HA-Urm1 G serve as controls.

Urm1B is rapidly degraded in the absence of ATPBD3

We noticed that, without including an immunopurification step, HA-Urm1B and to a 

lesser extent Urm1B-HA are poorly  detectable in cell lysates, despite abundant 

mRNA transcripts. Inclusion of  the proteasome inhibitor ZL3VS stabilizes both HA-

Urm1B and Urm1B-HA and facilitates their detection,  indicating that Urm1B is rapidly 

degraded by  the proteasome (Fig. 3A).  As the N-terminal 79 amino acids are shared 

between Urm1 and Urm1B, we next tested whether co-expression with a component 

of  the Urm1 pathway  stabilizes Urm1B. While Urm1 and MOCS3 have no effect on 

the stability  of  Urm1B, co-expression of  the thiouridylase ATPBD3 with HA-Urm1B 

(Fig. 3A) or Urm1B-HA (Fig.  3B) increases the stability  of  Urm1B. Co-expression with 

a highly  active viral deubiquitylating enzyme (EBV-DUB WT), but not the catalytically 

inactive mutant (EBV-DUB I173W), also enhanced the stability  of  HA-Urm1B (Fig. 

3C),  suggesting that Urm1B is targeted to the proteasome by  ubiquitylation. To test 

this  directly,  we co-expressed N- or C-terminal tagged Urm1B with FLAG-tagged Ub, 

and retrieved Urm1B via its  HA epitope. Anti-FLAG immunoblotting showed that  HA-
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Urm1B, and to a lesser extent Urm1B-HA are ubiquitylated (Fig. 3D). The difference 

in ubiquitylation of  both variants correlates with their respective stabilities. It is 

unclear whether the abundant higher molecular weight species detected by  HA 

immunoblotting of  the Urm1B-HA immunoprecipitate represent modification of 

Urm1B by  Ub or a Ub-like protein, or conjugation of  Urm1B to substrates. Thus, 

Urm1B is ubiquitylated and targeted to the proteasome for degradation, unless 

stabilized by co-expression with ATPBD3. 

Fig. 3: Urm1B is ubiquitylated and degraded by the proteasome unless stabilized by ATPBD3. (A) The 
indicated constructs were transiently expressed in HeLa cells. Where indicated, cells were treated 3 hrs with 
ZL3VS. Cells were lysed in 1% SDS and total cell lysates were analyzed by anti-HA immunoblotting. (B) 

293Ts were transiently transfected with Urm1B-HA and/or FLAG-ATPBD3 and processed as described in (A). 
(C) HeLa cells were transfected with HA-Urm1B and co-transfected with the indicated constructs or treated 

with ZL3VS for 3 hrs. Samples were processed as in (A). p97 serves as loading control. (D) HeLa cells are 
transfected with the indicated constructs. Urm1B is retrieved by HA immunoprecipitation. The 
immunoprecipitates are separated by SDS PAGE and analyzed by anti-FLAG immunoblotting. p97 serves as 

loading control.

ATPBD3 interacts with Urm1B and relocalizes Urm1B to a different cellular 

compartment

To determine whether ATPBD3 stabilizes Urm1B by  a direct interaction, we co-

expressed ATPBD3 and Urm1B and retrieved ATPBD3 by  anti-FLAG 

immunoprecipitation.  Anti-HA immunoblotting showed that both N- and C-terminal 

tagged Urm1B interact with ATPBD3 (Fig. 4A). This interaction was only  detectable 

when cells were lysed by  sonication,  a mild lysis strategy  that breaks membranes of 

all compartments yet leaves most protein-protein interactions intact. We did not 
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detect an interaction when cells were subjected to NP40 detergent  lysis. In addition, 

we noticed a decrease, rather than increase, in Urm1B levels when co-expressed 

with ATPBD3 and lysed in an NP40-containing buffer (Fig. 4B). Resolubilization of 

the NP40-resistant pellet, which contains mostly  nuclei, in an SDS-containing buffer 

demonstrated that Urm1B-HA was relocalized from the cytosol to the nuclei upon co-

expression with ATPBD3 (Fig. 4B). To study  this in greater detail, we fractionated 

cells  in three fractions, i.e.  cytosol, organelles,  and nuclei. While Urm1B-HA alone 

was predominantly  localized to the cytosolic fraction, co-expression with ATPBD3 

redistributed Urm1B-HA to the fraction containing nuclei, and in this case, also 

mitochondria (Fig. 4C). Likewise, the majority  of  ATPBD3 was detected in the 

nuclear fraction,  although ATPBD3 lacks an obvious targeting signal and has been 

hypothesized to localize to the cytosol, based on it involvement in tRNA modification 

(Fig. 4C). In contrast, Urm1 is completely  restricted to the cytosol. Although formally 

we cannot yet exclude that Urm1B and ATPBD3 may  localize to the mitochondria, 

confocal microscopy  showed that  both N- and C-terminal GFP-tagged Urm1B were 

strongly  expressed in the nuclei (data not shown), suggesting that nuclear 

localization is most plausible. Thus,  ATPBD3 interacts with Urm1B, resulting in a 

redistribution of Urm1B from the cytosol to the nuclear compartment. 

Discussion

Recently  an alternate isoform of  Urm1 was annotated (17). We here describe the 

expression and characterization of  Urm1B. We show that Urm1B transcripts are 

present  in multiple human cell types. Urm1 and Urm1B deviate at  L79 and 

consequently  their C-termini are distinct.  Urm1B does not terminate with a diglycine 

motif  and we demonstrate that, unlike Urm1, Urm1B is not thiocarboxylated. Urm1B 

is ubiquitylated and targeted for proteasomal destruction, unless stabilized by  co-

expression of  ATPBD3. We show that Urm1B interacts with ATPBD3, resulting in an 

altered cellular distribution of Urm1B. 

We hypothesize that  Urm1B may  function as negative regulator of  the Urm1 

pathway. Although it is unclear whether Urm1 and Urm1B compete with each other 

for binding to ATPBD3, their significant homology  in the N-terminal region makes this 

a plausible assumption. By  binding to ATPBD3, Urm1B may  prevent an interaction 

between thiocarboxylated Urm1 and ATPBD3, and consequently  negatively  affect 

tRNA thiolation. Alternatively, Urm1B may  function as conventional protein modifier. 

Proteolytic  processing may  expose a C-terminal glycine at the C-terminus of  Urm1B 

that  could be targeted by  an E1-E2-E3 cascade and conjugated to substrates. 

Indeed,  the appearance of  smaller fragments in cells  expressing HA-Urm1B 

suggests that Urm1B is cleaved near its C-terminus. However,  HA-reactive high 

molecular weight conjugates are most evident upon expression of  C-terminally 

tagged Urm1B, which are more likely  to reflect modification of  Urm1B by  Ub or Ub-

like proteins. 
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Fig. 4: ATPBD3 interacts with Urm1B and relocalizes Urm1B to the nucleus. (A) HeLa cells we 
transfected with the indicated constructs. ATPBD3 is retrieved via its FLAG tag and the immunoprecipitates 
are analyzed by anti-HA immunoblotting. p97 serves as loading control. (B) Urm1B-HA and/or FLAG-ATPBD3 

are expressed in HeLa cells. Cells are lysed in an NP40-containing buffer, followed by solubilization of the 
NP40-resistant pellet in an SDS-containing buffer. Fractions are analyzed by anti-HA and anti-FLAG 

immunoblotting. (C) HeLa cells were transfected with the indicated constructs and fractionated in cytosol (C), 
organelles (O), and nuclei (N) by sequential solubilization in digitonin-, Triton X100-, or SDS-containing 
buffer, respectively. Fractions were analyzed by immunoblotting with the indicated antibodies. PDI, ER 

marker. P97, cytosolic marker. Histone H4, nuclear marker. COX IV, mitochondrial marker. T = total.

The altered cellular distribution of  Urm1B in the presence of  sufficient levels of 

ATPBD3 may  suggest an additional role for both proteins. Although both ATPBD3 

and Urm1B lack an obvious nuclear localization sequence, our data suggest that 

both are abundantly  present in the nuclear compartment. However, most 

components required for tRNA modification of  nucleotides in the anticodon region, 

including Urm1, MOCS3, and the Elongator complex, predominantly  localize to the 

cytosol, and consequently  modification of  wobble uridines likely  takes place in this 

compartment (19-23). What could be the function of  nuclear ATPBD3 and Urm1B? 

Recently, we applied a proteomic approach to search for binding partners of  ATPBD3 
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and identified MMS19 amongst the strongest interactors. MMS19 is involved in 

transcriptional regulation and nucleotide excision repair (24, 25).  By  analogy  with the 

Elongator complex, which has an additional role in transcription, histone acetylation, 

DNA demethylation, and exocytosis, the function of  ATPBD3 may  extend beyond 

tRNA modification (20, 26). Whether Urm1B forms a complex with ATPBD3 and 

MMS19 and the functional consequences of  such a complex, may it exist,  is  under 

active investigation.

The behavior of  Urm1B is strongly  influenced by  the location of  the epitope tag, and 

it is currently  unclear which variant more accurately  reflects the behavior of  the 

endogenous wild-type protein. A high quality  antibody  directed against the C-

terminus of  Urm1B (to prevent cross-reactivity  with Urm1) will address this question. 

Likewise,  an antibody  directed against ATPBD3 will provide information about the 

expression level of  the endogenous protein, which may  explain why  endogenous 

ATPBD3 is insufficient to stabilize ectopically expressed Urm1B. 

Our data are the first that begin to explore the expression and behavior of  Urm1 

isoform B. While this work is in an early  stage, it provides a solid framework for 

additional experiments that aim to unravel the function of this alternate isoform. 
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Experimental procedures

Plasmids and reagents

Human cDNA was prepared from HeLa cells by RT-PCR using the First Strand Synthesis System (Invitrogen) 
and used as template for PCR to amplify the coding sequence of Urm1B, adding an N- or C-terminal HA tag. 

Ub was amplified from the UBC locus and fused with an N-terminal FLAG tag. PCR products were cloned 
into pcDNA3.1+ (Invitrogen) according to standard procedures. FLAG-ATPBD3, HA-TEV-MOCS3, HA Urm1 
WT, and HA-Urm1 G have been described previously (8). Proteasome inhibitor (ZL3VS) was used at 50 μM 

as described before (27). 

Cell culture and transfection 
HeLa, 293T, AGS, HepG2, U2OS, and HFF were obtained from ATCC and cultured according to the 
supplier’s instruction or as previously described at 37°C and 5% CO2 (8). Transfections were carried out 

using either Fugene 6 (Roche) or TransIT-HeLaMonster (Mirus) for HeLa or TransIT-293 (Mirus) for 293T 
according to the manufacturer’s instructions. Cells were harvested 24 hrs after transfection.

RT-PCR
RNA was extracted using an RNeasy mini kit (Qiagen) and a DNAse digestion was included to eliminate 

genomic contamination. A First Strand Synthesis System (Invitrogen) was used to generate cDNA, which was 
used as a template for PCR analysis using pr imers speci f ic for GAPDH, Urm1 (5’-

ATGGCTGCGCCCTTGTCAGTGGAG-3’ and 5’-TCAGCCGCCGTGCAGAGTGGAGAT-3’) or Urm1B (5’-
ATGGCTGC GCCCTTGTCAGTGGAG-3’, and 5’-TCAGGATGGAGGAGTACTCCC ATG-3’). Annealing 
temperature was 52°C and extension time 3 min. 

Immunoprecipitation

Cell lysis and immunoprecipitation was essentially performed as described before (8). For Ub/Urm1B co-
immunoprecipitations, cells were lysed in 1% SDS and diluted to 0.1% SDS in 50 mM Tris, 150 mM NaCl, 5 
mM EDTA, 0.5% NP40, pH 7.5, supplemented with Complete protease inhibitors (Roche). For Urm1B/

ATPBD3 co-immunoprecipitations, cells were sonicated in 0.4% Nonidet-P40, 20 mM Hepes pH7.8, 400 mM 
KCl, 5 mM EDTA, 5% glycerol and Complete protease inhibitors, and diluted 8 times in 20 mM Hepes pH7.8, 

5mM EDTA, 5% glycerol, and Complete protease inhibitors.

Immunoblotting

Immunoblotting was essentially performed as described before (8). APM was synthesized as described 
before (18). Anti-HA-HRP (3F10, Roche) was used 1/5000 in 1% non-fat dried milk for 1 hr at RT. Anti-FLAG-

HRP, anti-Histone H4 (both Cell Signalling), anti-PDI, anti-COX IV (both Abcam) and anti-p97 (Fitzgerald 
Industries) were used as recommended by the supplier or as described before (8).  

Fractionation
Cells were resuspended in 0.007% digitonin, 0.25 M sucrose, 100 mM Hepes pH7.4 and Complete protease 

inhibitors and incubated 10 min on ice, followed by centrifugation (10,000 x g, 10 min 4°C). The supernatant 
was removed and contains the cytosol. The pellet was washed 3 times in 0.35 M sucrose, 100 mM Hepes 
pH7.5 with intermittent centrifugation steps (3,000 x g, 1 min, 4°C). The pellet was lysed in 0.5% Triton X100, 

100 mM Tris pH7.5, and Complete protease inhibitors and incubated 20 min on ice, followed by centrifugation 
(10,000 x g, 10 min, 4°C). The supernatant was removed and contains organelles. The pellet was 

resolubilized in 1% SDS and contains nuclei. 

Homology modeling

A multiple sequence alignment containing the target sequence (Homo sapiens Urm1B, NP_001129419) and 
the template sequence (Mus musculus Urm1, NP_080891) was generated by ClustalW. The resulting 

alignment and the crystal structure of  murine Urm1 (PDB code: 1XO3, chain A) were used to model the 
structure of human Urm1B with Swiss-Model (2, 28, 29). 

Chapter 5 | Urm1B, an alternate isoform of Urm1

99



References

1. Furukawa K, Mizushima N, Noda T, & Ohsumi Y (2000) A protein conjugation system in yeast with 
homology to biosynthetic enzyme reaction of prokaryotes. J Biol Chem 275(11):7462-7465.

2. Singh S, et al. (2005) Three-dimensional structure of the AAH26994.1 protein from Mus 
musculus, a putative eukaryotic Urm1. Protein Sci 14(8):2095-2102.

3. Xu J, et al. (2006) Solution structure of Urm1 and its implications for the origin of protein 
modifiers. Proc Natl Acad Sci U S A 103(31):11625-11630.

4. Hochstrasser M (2009) Origin and function of ubiquitin-like proteins. Nature 458(7237):422-429.
5. Iyer LM, Burroughs AM, & Aravind L (2006) The prokaryotic antecedents of the ubiquitin-signaling 

system and the early evolution of ubiquitin-like beta-grasp domains. Genome Biol 7(7):R60.
6. Schwarz G, Mendel RR, & Ribbe MW (2009) Molybdenum cofactors, enzymes and pathways. 

Nature 460(7257):839-847.
7. Pedrioli PG, Leidel S, & Hofmann K (2008) Urm1 at the crossroad of modifications. 'Protein 

Modifications: Beyond the Usual Suspects' Review Series. EMBO Rep 9(12):1196-1202.
8. Van der Veen AG, et al. (2011) Feature Article: From the Cover: Role of the ubiquitin-like protein 

Urm1 as a noncanonical lysine-directed protein modifier. Proc Natl Acad Sci U S A 108(5):
1763-1770.

9. Leidel S, et al. (2009) Ubiquitin-related modifier Urm1 acts as a sulphur carrier in thiolation of 
eukaryotic transfer RNA. Nature 458(7235):228-232.

10. Noma A, Sakaguchi Y, & Suzuki T (2009) Mechanistic characterization of the sulfur-relay system 
for eukaryotic 2-thiouridine biogenesis at tRNA wobble positions. Nucleic Acids Res 37(4):
1335-1352.

11. Schlieker CD, Van der Veen AG, Damon JR, Spooner E, & Ploegh HL (2008) A functional 
proteomics approach links the ubiquitin-related modifier Urm1 to a tRNA modification pathway. 
Proc Natl Acad Sci U S A 105(47):18255-18260.

12. Schmitz J, et al. (2008) The sulfurtransferase activity of Uba4 presents a link between ubiquitin-
like protein conjugation and activation of sulfur carrier proteins. Biochemistry 47(24):6479-6489.

13. Goehring AS, Rivers DM, & Sprague GF, Jr. (2003) Attachment of the ubiquitin-related protein 
Urm1p to the antioxidant protein Ahp1p. Eukaryot Cell 2(5):930-936.

14. Nakai Y, Nakai M, & Hayashi H (2008) Thio-modification of yeast cytosolic tRNA requires a 
ubiquitin-related system that resembles bacterial sulfur transfer systems. J Biol Chem 283(41):
27469-27476.

15. Huang B, Lu J, & Bystrom AS (2008) A genome-wide screen identifies genes required for 
formation of the wobble nucleoside 5-methoxycarbonylmethyl-2-thiouridine in Saccharomyces 
cerevisiae. RNA 14(10):2183-2194.

16. Dewez M, et al. (2008) The conserved Wobble uridine tRNA thiolase Ctu1-Ctu2 is required to 
maintain genome integrity. Proc Natl Acad Sci U S A 105(14):5459-5464.

17. Humphray SJ, et al. (2004) DNA sequence and analysis of human chromosome 9. Nature 
429(6990):369-374.

18. Igloi GL (1988) Interaction of tRNAs and of phosphorothioate-substituted nucleic acids with an 
organomercurial. Probing the chemical environment of thiolated residues by affinity 
electrophoresis. Biochemistry 27(10):3842-3849.

19. Chen C, Tuck S, & Bystrom AS (2009) Defects in tRNA modification associated with neurological 
and developmental dysfunctions in Caenorhabditis elegans elongator mutants. PLoS Genet 
5(7):e1000561.

20. Svejstrup JQ (2007) Elongator complex: how many roles does it play? Curr Opin Cell Biol 19(3):
331-336.

21. Phizicky EM & Hopper AK (2010) tRNA biology charges to the front. Genes Dev 24(17):
1832-1860.

22. Hopper AK & Phizicky EM (2003) tRNA transfers to the limelight. Genes Dev 17(2):162-180.
23. Matthies A, Rajagopalan KV, Mendel RR, & Leimkuhler S (2004) Evidence for the physiological 

role of a rhodanese-like protein for the biosynthesis of the molybdenum cofactor in humans. Proc 
Natl Acad Sci U S A 101(16):5946-5951.

24. Kou H, Zhou Y, Gorospe RM, & Wang Z (2008) Mms19 protein functions in nucleotide excision 
repair by sustaining an adequate cellular concentration of the TFIIH component Rad3. Proc Natl 
Acad Sci U S A 105(41):15714-15719.

25. Ito S, et al. (2010) MMXD, a TFIIH-independent XPD-MMS19 protein complex involved in 
chromosome segregation. Mol Cell 39(4):632-640.

26. Okada Y, Yamagata K, Hong K, Wakayama T, & Zhang Y (2010) A role for the elongator complex 
in zygotic paternal genome demethylation. Nature 463(7280):554-558.

27. Shamu CE, Story CM, Rapoport TA, & Ploegh HL (1999) The pathway of US11-dependent 
degradation of MHC class I heavy chains involves a ubiquitin-conjugated intermediate. J Cell Biol 
147(1):45-58.

28. Kiefer F, Arnold K, Kunzli M, Bordoli L, & Schwede T (2009) The SWISS-MODEL Repository and 
associated resources. Nucleic Acids Res 37(Database issue):D387-392.

29. Arnold K, Bordoli L, Kopp J, & Schwede T (2006) The SWISS-MODEL workspace: a web-based 
environment for protein structure homology modelling. Bioinformatics 22(2):195-201.

100



101



Chapter 6 



General discussion

In this thesis, we have explored the properties and functions of  Urm1. In Chapter 2 

we described the formation of  a thiocarboxylate at the C-terminus of  Urm1, a finding 

that  was key  to the discovery  of  its function. In Chapter 2 we further demonstrated 

that  thiocarboxylated Urm1 has a role as sulfur donor in the thiolation of  U34 in 

tRNALys(UUU),  tRNAGln(UUG), and tRNAGlu(UUC). As discussed in Chapter 1, 2, and 4, the 

impact of  tRNA thiolation on protein translation and cellular homeostasis remains 

unclear. Yeast strains and nematodes with a defect in the Urm1 pathway  are viable, 

and translation of  reporter constructs is only  modestly  affected in such mutants. In 

Chapter  4 we examined the function of  Urm1 and tRNA thiolation for the first time in 

a higher eukaryote. We find that transgenic expression of  a dominant-negative 

variant  of  Urm1 did not significantly  affect health and survival in adult mice,  although 

a dramatic  decrease in reproduction was observed. Recent advances in deep 

sequencing have contributed to the development of  novel technologies, such as 

ribosome profiling, which will allow us to examine the consequences of  tRNA 

modifications,  or lack of  such modifications, on protein synthesis with great 

sensitivity (1). 

Cell stress and tRNA

Yeast strains with a deficiency  in the Urm1 pathway  are sensitive to a variety  of 

stress conditions, suggesting that urmylation and/or tRNA modifications may  have a 

protective effect during such conditions. It is plausible that cellular stress amplifies 

the need for proper tRNA modification to ensure accurate and efficient translation. 

Do tRNA modifications, and in particular thiolation of  U34, convey  any  other type of 

protective effect? Recently, tRNA cleavage was shown to occur in mammalian cells 

exposed to various types of  stress conditions, resulting in the generation of  tRNA-

derived small RNAs (2-4). Cleavage is mediated by  the ribonuclease Angiogenin, 

and the size of  the fragments suggests cleavage in or near the anticodon region of 

the tRNA (3, 4). Methylation of  certain tRNA species on C38 by  Dnmt2 protects these 

tRNAs against stress-induced cleavage (2). Following stress, Dnmt2 relocalizes from 

the cytoplasm to RNA stress granules, a compartment where Urm1 is also 

sequestered upon stress exposure (data not shown) (5). Similar to methylation of 

C38, thiolation of  U34 may protect tRNALys(UUU), tRNAGln(UUG), and tRNAGlu(UUC) against 

ribonuclease cleavage. 

The presence of  tRNAs molecules may  also directly  affect the apoptotic response 

following cell stress. Several tRNAs, including tRNAGln,  bind cytochrome c in the 

cytosol and thereby  prevent caspase activation and apoptosome formation (6). 

Whether post-transcriptional modifications alter the affinity  of  the tRNA for 

cytochrome c has not been determined, but such modifications may  regulate the 

tRNA-cytochrome c interaction and thereby alter the apoptotic response. 
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Use and abuse of tRNA thiolation during viral infections

HIV benefits from thiolation

Cellular stress may  also be caused by  viral and bacterial infections of  mammalian 

cells. How is tRNA thiolation affected by  the presence of  a pathogen? Can tRNA 

modification provide protection against cellular stress and damage caused by 

invaders? May  pathogens benefit from post-transcriptional modifications of  tRNAs, 

and use these to their own advantage? The latter possibility  applies to retroviruses, 

which use a host tRNA molecule as primer for reverse transcription. HIV-1 and HIV-2 

use tRNALys,3 for this purpose (7). During reverse transcription, 18 nucleotides at  the 

3’end of  the tRNALys,3 will base pair with the primer binding site (PBS) in the viral 

genome. The viral reverse transcriptase (RT) recognizes the vRNA-tRNA complex 

and initiates extension of  the viral RNA at the 3’end of  the tRNA primer (7). Additional 

points  of  contact between the viral genome and the tRNA include the primer 

activation sequence (PAS) domain in the viral RNA that interacts with the T C region 

in the tRNA, and the adenosine-rich Loop I of  the viral RNA that base pairs with the 

uridine-rich anticodon stem and loop (ASL) domain of  tRNALys,3 (7). Deletion of  the A-

rich Loop I of  HIV-1 impairs viral replication and infectivity, illustrating the importance 

of  this interaction (8). The anticodon region of  tRNALys,3 is modified with mcm5S2U34, 

2-methylthio-N6-threonylcarbamoyl-adenosine (ms2t6A37), and pseudouridine ( 39). 

Several studies have described the importance of  these three post-transcriptional 

modifications in the stabilization of  the vRNA-tRNA complex (9-12). The interaction 

between tRNALys,3 and the A-rich Loop I  was not observed when an in vitro 

synthesized (unmodified) tRNALys,3 transcript was used as primer (11). In addition, 

dethiolation of  mcm5S2U34 strongly  reduced the thermal stability  of  the vRNA-tRNA 

complex (11). Furthermore, s2 modification of  U34 greatly  stabilized the anticodon-A-

rich loop I interaction as determined by  NMR spectroscopy  (9). Whether modification 

of  the tRNALys,3 anticodon region also influences the interaction of  the vRNA-tRNA 

complex with RT, or the incorporation of  tRNALys in the virus particle during virion 

assembly  has not been determined. In addition, the effect of  the s2 modification on 

viral replication and infectivity  has not been studied directly, perhaps due to the lack 

of  a method to target the s2 modification of  U34 in vivo in mammalian cells. The 

elucidation of  the Urm1 pathway  now allows us to selectively  manipulate the thio-

modification of  tRNALys,3 to study  the effects of  this post-transcriptional modification 

on HIV replication and infectivity  and may  even provide us with a potential anti-viral 

drug target. 

Frameshifting during retroviral infections 

Post-transcriptional tRNA modifications may  also negatively  affect the viral life cycle. 

Retroviruses contain gag and pol genes, which encode for structural proteins (gag), 

reverse transcriptase, and integrase (both pol) (13-15). In several retroviruses gag-

pol is encoded by  a single mRNA transcript, yet in different reading frames that 

briefly  overlap (13-15). During translation, a slippery  sequence near the end of  gag 

causes a -1 frameshift, resulting in translation of  pol. The gag-pol fusion protein is 
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subsequently  processed by  proteases to yield mature proteins (13, 14). Stem-loop 

structures,  e.g. pseudoknots, near the slippery  site further stimulate frameshifting by 

causing ribosomal pausing (14, 16, 17). For many  viruses, the heptameric slippery 

sequence has been identified. In the case of  several viruses, including human T cell 

leukemia virus type 1 and 2 (HTLV-1 and HTLV-2), this sequence is A AAA AAC, and 

requires two tRNAs, tRNALys(UUU) and tRNAAsn(GUU),  to simultaneously  slip one 

nucleotide in the 5’ direction,  to pair with AAA and AAA respectively  (14, 18). Do 

modifications on tRNA affect frameshifting? Results from several studies are 

conflicting and vary  depending on the type of  modification, the nature of  the modified 

nucleotide, and the slippery  sequence.  When a reporter construct  containing 

different slippery  sequences was expressed in E. coli mutants deficient in the 

synthesis of  mnm5 or s2, the occurrence of  frameshifting was increased, suggesting 

that  these modifications promote reading frame maintenance (19). Also here, the 

identification of  the Urm1 pathway  provides a straightforward method to manipulate 

the s2 modification in mammalian cells to systematically  address its effect on 

frameshifting in viral infections in vivo. 

tRNA-like structures in viral genomes

In addition to usage of  host tRNAs, several viruses harbor tRNA-like structures (TLS) 

in their genome. Several plant viruses with an RNA genome contain an 

aminoacylated TLS at the 3’ end of  the RNA strands that is required during different 

stages of  the viral life cycle (20). Brome mosaic virus (BMV), which infects both 

plants  and yeast, contains a tyrosylated TLS at each of  its 4 RNA strands (20).  A 

genetic  screen in yeast deletion mutants  found enhanced viral replication in strains 

deficient in Uba4 or Elongator components, suggesting that modification of  the TLS 

by  these proteins inhibits viral replication and protects the host against viral infection 

(21). Murine Herpesvirus 68 (MHV) is a -herpesvirus with a double-stranded DNA 

genome that contains eight tRNA-like structures (22).  These TLSs are not 

aminoacylated and are abundantly  expressed during lytic infection (22). The tRNA-

like elements precede a set of  microRNAs.  The tRNA-miRNA is transcribed by  Pol 

III,  followed by  cleavage by  the tRNA processing enzyme tRNase Z (23). Three 

similar tRNA-miRNA structures were recently  identified in the mouse genome (24). 

Furthermore,  several RNA viruses contain internal ribosome entry  sites (IRESes) 

that  recruit the ribosome and initiate translation independent of  the presence of  a 

5’cap on the mRNA (25,  26). As there is  great diversity  in IRES sequence and 

structure, a common mechanism for ribosome recruitment has not  been described. 

Recently, tRNA-like motifs were identified in the IRES of  Hepatitis C virus (HCV) and 

cricket  paralyis virus (CrPV) (27-31). Stuctural analysis of  the CrPV IRES showed 

that  the tRNA-like motif  interacts with the decoding groove of  the ribosome and 

mimics the anticodon-codon interaction, thereby  enabling translation initiation in the 

absence of  an initiator tRNA (28).  Whether any  of  these tRNA-like elements are 

modified by  sulfur or other chemical groups using host enzymes remains to be 

determined, but  it is plausible that such modifications may  affect the outcome of  the 

host-pathogen interaction. 
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Thiolation: for tRNAs only?

Chemical modifications of  nucleotides are not unique to tRNA molecules.  Ribosomal 

RNA is frequently  modified in regions of  functional importance that lack RNA-binding 

proteins (32), and loss of  rRNA modifications impairs translation (32-34). Methylation 

and pseudouridylation are the most  prevalent modifications that occur on rRNA (32, 

35, 36). Other types of  RNA that are frequently  modified with methyl groups or 

pseudouridines include mRNA, small nuclear RNAs (snRNAs), microRNAs 

(miRNAs), and small interfering RNAs (siRNAs) (35, 37-39). Until now, thio-

modifications have been uniquely  found on tRNAs, but it may  well be that other types 

of  U-rich RNA are targeted by  the Urm1 pathway  as well.  Recently  it has emerged 

that  both mRNAs and microRNAs are uridylated, i.e. an oligouridine tail is added to 

their 3’end. In fission yeast, uridylation of  polyadenylated mRNAs serves as an 

alternative pathway  to decapping and mRNA decay  (40,  41). Similarly,  histone 

mRNAs, the only  eukaryotic mRNAs that are not polyadenylated, are uridylated in 

mammalian cells, followed by  their decapping and degradation at the end of  S phase 

(40, 42-44). Uridylation of  microRNAs by  the terminal uridylyl transferase TUTase4 

(or ZCCHC11) blocks DICER processing of  certain precursor microRNA species 

(e.g.  pre-let-7) resulting in decay  (45-48). In Arabidopsis thaliana, methylation of  the 

2’OH group of  the terminal 3’ nucleotide of  miRNAs and siRNAs by  HEN1 protects 

the RNAs against uridylation by  noncanonical poly(A) polymerases (38, 39, 49, 50). 

Whether these types of  U-rich RNA are subject  to thiolation by  the Urm1 pathway 

awaits clarification. In Chapter 3 we identified several urmylation substrates that are 

involved in RNA binding, processing, and transport.  By  analogy  with urmylation of 

the tRNA modification enzymes ATPBD3 and UPF0432, these substrates may  link 

Urm1 with modification of  other types of  RNA. Combined with the affinity  of  the Urm1 

pathway  for U-rich RNA sequences, it  is plausible that thiolation is not unique to 

tRNAs, but targets other RNA sequences as well. 

Origins of Urm1: urmylation and sampylation

As extensively  discussed in Chapter 1, the origin of  the eukaryotic Ub/Ub-like 

protein modification system has long been debated. The only  two prokaryotic 

proteins that adopt a -grasp fold and are evolutionary  related to other members of 

the Ub family  are MoaD and ThiS (51). However, MoaD and ThiS are sulfur carriers 

rather than protein modifiers (52, 53).  Are protein modifiers unique to eukaryotes or 

present  in other kingdoms of  life as well? The prokaryotic Ub-like protein (Pup) was 

recently  described in Actinobacteria and Nitrospira and is covalently  attached to 

target  proteins,  thereby  targeting them to prokaryotic proteasomes (54-57). However, 

despite its name and analogous function, Pup has little in common with Ub. Unlike 

Ub,  Pup has a disorganized structure that does not adopt a -grasp fold (58, 59). 

Depending on the species, Pup has a C-terminal glutamic acid or glutamine. In the 

latter case, glutamine is deamidated to glutamic acid by  Dop (deamidase of  Pup), 

before conjugation to lysine residues in substrates by  a glutamine synthetase-like 

ligase (60).  Thus, despite the functional analogy, prokaryotic Pup and eukaryotic Ub 

are not evolutionary  related and ubiquitylation and pupylation are two distinct 
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processes. A different situation applies to archaea. Recently,  two ubiquitin-like small 

archaeal modifier proteins (SAMPs) were described in Haloferax volcanii and 

Methanosarcina acetivorans (61-63). SAMPs adopt a -grasp fold and are part of  the 

Ub family  (62-64).  SAMPs are conjugated via their C-terminal diglycine motif  to 

lysine residues in substrates following nitrogen limitation (62). In M. acetivorans, 

conjugation requires the E1-like SAMP activator (ELSA), but an E2 or E3 enzymatic 

activity  has not been identified (63). Sampylated substrates include several 

components of  the Urm1 pathway  as well as proteins involved in molybdopterin 

synthesis (62). The stress-dependent  sampylation of  members of  the Urm1 pathway, 

together with conjugation in the absence of  an obvious E2 or E3 enzyme resembles 

many  aspects of  urmylation (Chapter 3). The C-terminal glycine of  SAMP1 and 

SAMP2 therefore deserves closer inspection and may  incorporate a thiocarboxylate. 

It  is possible that SAMPs are archaeal ancestors of  Urm1 that similarly  integrate a 

function as a sulfur donor with stress-dependent protein modification. Of  note,  a Ub-

like modification system consisting of  Ub, E1, E2, and a small RING finger family 

protein with structural motifs specific to their eukaryotic counterparts was recently 

identified in the archaeon Caldiarchaeum subterraneum (65). This eukaryotic-type 

modification system is distinct from the SAMP pathway  but similarly  suggests that 

protein modification is an ancient process. 

Cell stress and urmylation

Sampylation and urmylation in response to nitrogen limitation and oxidative stress, 

respectively, suggests that an environmental cue regulates these processes. 

Likewise,  starvation stimulates conjugation of  the autophagy  proteins Atg8 and 

Atg12,  whereas oxidant treatment or bacterial infection regulates sumoylation 

(66-69). Thus, a variety  of  intra- and extracellular signals may  trigger protein 

modification. 

The similarity  between SAMP and Urm1 protein modification raises the question of 

whether urmylation is uniquely  stimulated by  oxidative stress. Several links between 

urmylation and nitrogen regulatory  pathways have been described (70, 71). Urm1- 

and Uba4-deficient yeast strains are sensitive to treatment with rapamycin,  an 

inhibitor of  Tor complex 1 (TORC1) (70). The TORC1 pathway  regulates cell growth 

in response to nutrients,  i.e. nitrogen and carbon (72, 73). In the presence of 

abundant nitrogen sources, TORC1 phosphorylates the transcription factor Gln3 and 

thereby  promotes the association between Gln3 and the cytoplasmic protein Ure2 

(72-74). The Ure2-Gln3 interaction sequesters Gln3 in the cytoplasm and prevents 

transcription of  nitrogen-regulated genes.  Like rapamycin, nitrogen limitation inhibits 

TORC1, resulting in nuclear translocation of  Gln3 and transcription of  GAP1 (a low 

quality  nitrogen scavenger) and genes involved in amino acid (glutamine and 

glutamic acid) biosynthesis (72-74).  In a ure2  yeast strain, an unidentified Urm1 

adduct  of  131 kDa is apparent (70). The disappearance of  this species in a 

ure2 gln3  strain, suggests that this species is either a Gln3 target or dependent on 

one (70).  Furthermore, an increase in nuclear Gln3 and consequently  enhanced 
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GAP1 expression was observed in an urm1  strain,  suggesting that urmylation is 

required for repression of  starvation-specific transcription (71). Consistent with this 

notion,  simultaneous loss of  Ure2 and Urm1 increases rapamycin sensitivity, 

whereas the combined loss of  Gln3 and Urm1 rescues rapamycin sensitivity  (71). 

The interplay  between the nitrogen regulatory  pathway  and urmylation requires 

further attention. Perhaps the increased nuclear translocation of  Gln3, which requires 

Importin  for nuclear import (75, 76), is  related to a defect in urmylation of  CAS in 

an urm1  strain (Chapter 3).  Alternatively, the appearance of  an Urm1 adduct in the 

ure2  strain may  be explained by  the increased levels of  oxygen radicals in cells 

lacking Ure2 (77, 78). An intracellular rise in oxidants promotes urmylation as 

described in Chapter 3. 

Oxidant-induced urmylation

Enzymatic activities in Urm1 protein modification

How does an oxidative environment trigger protein modification by  thiocarboxylated 

Urm1? Urmylation requires the activity  of  MOCS3, but whether MOCS3 is  directly 

involved in adduct formation or simply  in thiocarboxylation of  the C-terminus of  Urm1 

is difficult  to determine (79). The formation of  a NH2OH-sensitive thioester-

intermediate during urmylation suggests that the role of  MOCS3 is not  restricted to 

activation and modification of  the C-terminal glycine (79).  Alternatively, increased 

levels  of  urmylation may  result from oxidation and inactivation of  an unknown 

hyperactive deurmylase, rather than stimulation of  activating and conjugating 

enzymatic activities. Efforts  to identify  additional enzymes that act on Urm1 using an 

active site-directed chemical probe (Urm1-vinylmethylester) have been unsuccessful. 

Perhaps the development of  an expanded set of  Urm1-based electrophilic probes 

will aid the identification of  such activities, if  they  exist (80). It is also unclear how 

Urm1 is targeted to a specific, but limited, set of  substrates. Mass-spectrometry-

based analysis of  Urm1-derived footprints conjugated to substrates may  reveal 

whether a consensus motif  for urmylation exists, as has been successfully  done for 

SUMO (81).  

Balancing tRNA thiolation and urmylation

Urmylation of  substrates may  negatively  affect the availability  of  thiocarboxylated 

Urm1 for tRNA thiolation reactions. In our study  (Chapter 3) we did not detect an 

alteration in tRNA modification after a short exposure of  cells to hydrogen peroxide 

(79). In contrast, exposure of  S. cerevisiae to comparable concentrations of 

hydrogen peroxide, resulted in a 2-fold decrease in mcm5S2U34 (82). Given the long 

half-life of  tRNA molecules (83,  84), the level of  tRNA modification may  be negatively 

correlated with the time of  exposure to the oxidant and additional experiments will 

clarify  the balance between tRNA thiolation and urmylation in an oxidizing 

environment. 
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Functional implication of Urm1-CAS adduct formation

The function of  Urm1 modification remains elusive. As extensively  discussed in 

Chapter  3, urmylation may  protect cells against oxidant-induced damage, or instead 

function as ‘danger signal’ that  marks damaged proteins. Given the variety  of  Urm1 

substrates,  the function of  urmylation will need to be considered on a case-to-case 

basis. CAS/CSE1L is a nucleocytoplasmic shuttling factor that re-exports Importin  

back to the cytoplasm (85).  In the nucleus, CAS associates with Importin  in the 

presence of  RanGTP, and subsequently  binds to components of  the nuclear pore 

complex to mediate export (85). Upon translocation to the cytosol, RanGTP is rapidly 

hydrolyzed by  RanGAP1 and RanBP1, resulting in the dissociation of  CAS, Importin 

, and Ran (85). How is this cycle affected by  Urm1-CAS adduct formation? 

Urmylation may  prevent CAS from translocation into the nucleus, or alter the 

dissociation of  the CAS-Importin  complex in the cytosol. Unfortunately, the 

instability  of  this complex makes it difficult to determine its  composition in the 

presence or absence of oxidants and/or Urm1. 

Several reports demonstrated that nuclear transport is halted upon oxidant treatment 

(86, 87). Thus, the appearance of  urmylated CAS may  result from stabilization of  a 

transient conjugate that  is not seen under steady  state conditions. Arrest of  nuclear 

transport by  alternative means may  enable visualization of  a similar conjugate, 

without exposure to oxidants. In support of  this notion, we detected an increase in 

nuclear import of  a reporter construct in Urm1-depleted HeLa cells in the absence of 

a stress factor (data not shown). This suggests that the Urm1 pathway  broadly 

modulates nuclear transport and may therefore affect the localization of  transcription 

factors  such as Gln3. If  so, Urm1 will not be the first Ub-like modifier to affect nuclear 

transport.  Sumoylation of  RanGAP1 enables its association with the nucleoporin 

RanBP2,  thereby  altering its localization from the cytosol to the nuclear pore 

complex (88). Thus, Urm1 and SUMO may jointly regulate nuclear transport.

Functional analysis of  Urm1-CAS adduct formation is further complicated by  the 

multiple roles of  CAS. In addition to nuclear transport,  CAS promotes apoptosome 

formation and downstream caspase activation (89). Similarly, nuclear CAS binds to 

chromatin and regulates a subset of  p53 target genes, thereby  enhancing the 

apoptotic response (90). Thus, urmylation may  protect cells against the pro-apoptotic 

effects of  CAS, a function that would be increasingly  important during cell stress. 

Alternatively, Urm1 modification of  CAS might direct its  function towards nuclear 

transport or regulation of apopotosis. 

Urm1 isoform B: regulator of cytokinesis? 

Chapter  5 describes the characterization of  an alternate isoform of  Urm1: Urm1B. As 

discussed in this chapter,  Urm1B may  compete with Urm1 for binding to ATPBD3, 

thereby  negatively  regulating the thiolation pathway. The (partial) nuclear localization 

of  Urm1B suggests that this  variant may  either have an alternative or an additional 

function.  As described in Chapter 2, shRNA-mediated depletion of  endogenous 
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Urm1 results in a cytokinesis defect in HeLa cells. In the original study  we assigned 

this  defect to a reduction in Urm1 levels, however, in light of  the recent identification 

of  Urm1B we believe this defect  may  be alternatively  attributed to targeting of  Urm1B 

transcripts.  Indeed, the shRNA construct used in these studies targets a region that 

is common to both isoforms. Expression of  shRNA-resistant mutants of  Urm1 did not 

rescue the defect in cytokinesis in shUrm cells and further supports the notion that 

depletion of  Urm1B may  affect  cell cycle. As this work is in its infancy, additional 

experiments will determine whether Urm1B is indeed indispensable for cytokinesis. 

No matter the outcome, the discovery  of  Urm1B suggests that the Urm1 pathway  is 

not as simple as previously  suggested. Careful analysis of  the interactions in the 

Urm1 pathway  may  reveal an intricate balance between tRNA thiolation, urmylation, 

and cytokinesis. 
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English summary

The eukaryotic ubiquitin-related modifier Urm1 is a highly  conserved member of  the 

ubiquitin (Ub) family. Like other members of  the Ub family, Urm1 adopts a -grasp 

fold and terminates with a diglycine motif. Urm1 was identified a decade ago by  its 

homology  to two prokaryotic members of  the Ub family, MoaD and ThiS. The 

increased stress-sensitivity  of  Urm1-deficient yeast strains suggested a critical role 

for this modifier in cellular homeostasis, but its function remained enigmatic  for 

years. 

Chapter  2 describes a finding that was key  to the discovery  of  the function of  Urm1. 

Unlike Ub and other Ub-like protein modifiers, the C-terminal glycine of  Urm1 is 

derivatized to a thiocarboxylate by  the addition of  sulfur. Thiocarboxylation of  Urm1 

requires the ATP-dependent activation of  its  terminal glycine by  the E1-like domain of 

the enzymatic activity  MOCS3 (Uba4 in yeast).  The activated terminal glycine is 

subsequently  modified with sulfur by  the sulfurtransferase domain of  MOCS3. This 

mechanism is reminiscent of  a strategy  used by  prokaryotes to modify  the sulfur 

carriers  MoaD and ThiS with a C-terminal thiocarboxylate.  MoaD and ThiS act  as 

sulfur donors in molybdopterin and thiamin biosynthetic pathways, respectively. 

Chapter  2 further demonstrates that thiocarboxylated Urm1 functions as sulfur donor 

in the thio-modification of  certain tRNA species. To this end, Urm1 binds the 

thiouridylase ATPBD3 (Ncs6 in yeast), which mobilizes sulfur from the C-terminus of 

Urm1 and transfers it to the wobble uridine of  tRNALys(UUU), tRNAGlu(UUC) and 

tRNAGln(UUG). In addition, UPF0432 (Ncs2 in yeast),  a previously  uncharacterized 

protein,  also serves as thiouridylase in the Urm1 pathway, although its precise role 

remains unclear. A deficiency  in the Urm1 pathway  suppresses thiolation of  tRNAs in 

both S. cerevisiae and mammalian cells, indicating that this pathway  is conserved 

across eukaryotes. Thiolation of  tRNA molecules might affect codon-anticodon 

interactions on the ribosome and thereby translational efficiency. 

Early  studies in yeast suggested that Urm1 can also be covalently  attached to 

proteinaceous substrates (urmylation). However, the underlying mechanism of 

conjugation remained to be explored and only  one target of  urmylation was 

identified. Chapter 3 shows that an oxidizing environment promotes the conjugation 

of  Urm1 to its substrates both in vitro and in vivo.  Oxidant-induced urmylation 

requires the C-terminal thiocarboxylate of  Urm1 and resembles many aspects of 

ubiquitylation,  including the formation of  a thioester intermediate with MOCS3 and a 

covalent lysine-linked adduct. Using a proteomic approach, several new substrates 

for urmylation were identified, including components of  the Urm1 pathway  itself, as 

well as proteins implicated in nuclear translocation. 

In Chapter 4 the functional consequences of  a defect in the Urm1 pathway were 

studied in a transgenic mouse model that expresses a dominant negative variant of 
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Urm1 in a doxycycline-inducible manner. This variant lacks the C-terminal glycine of 

Urm1 (Urm1 G) and consequently  fails to be thiocarboxylated. Urm1 G is robustly 

expressed in several tissues upon doxycycline addition,  and reduces tRNA thiolation 

by  75%. While adult mice that express Urm1 G appear healthy, they  fail to generate 

offspring when maintained on doxycycline, unlike their wild-type counterparts. 

Although it remains to be determined whether this failure is attributable to a defect in 

tRNA thiolation, protein urmylation,  or both, it suggests an essential role for Urm1 in 

embryonic development.  

In Chapter 5 the expression and function of  an alternate isoform of  Urm1 (Urm1B) is 

investigated. The N-terminal region of  Urm1B is identical to Urm1, but its C-terminus 

is distinct, lacks a terminal diglycine motif, and consequently  fails to be 

thiocarboxylated.  Urm1B is unstable and  is rapidly  degraded by  the proteasome. 

When co-expressed, Urm1B associates with ATPBD3, resulting in the stabilization 

and relocalization of  Urm1B. Although this work is at an early  stage,  these data 

suggest that Urm1B may act as a negative regulator of the Urm1 pathway. 

The dual role of  Urm1 in tRNA thiolation and protein modification underscores the 

notion that Urm1 is an evolutionary  intermediate that  integrates the functions of  both 

prokaryotic  sulfur carriers and eukaryotic  protein modifiers.  Further experiments may 

reveal additional components of  the Urm1 pathway  and determine the impact  of  this 

pathway on translation, stress response, and embryonic development.
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Nederlandse samenvatting

Het eiwit Urm1 speelt een rol bij RNA- en eiwit modificaties.  Urm1 is structureel 

verwant aan ubiquitine en behoort derhalve tot de ubiquitine (Ub) familie. Dit 

eukaryote eiwit  is  evolutionair sterk geconserveerd en deelt met andere leden van de 

Ub familie de kenmerkende ‘ -grasp fold’ en een C-terminaal diglycine motief. Urm1 

is ~10 jaar geleden geïdentificeerd dankzij de verwantschap met twee prokaryote 

leden van de Ub familie, MoaD en ThiS. In de afwezigheid van Urm1 zijn gistcellen 

in toenemende mate gevoelig voor stress, duidend op een belangrijke rol voor Urm1 

in homeostase. De functie van Urm1 bleef  tot voor kort evenwel onbekend.

Hoofdstuk 2 beschrijft een waarneming die een mogelijke functie van Urm1 

suggereerde.  In tegenstelling tot Ub en andere Ub-verwante eiwitten, wordt de C-

terminus van Urm1 gemodificeerd tot een thiocarboxylaat via de additie van zwavel. 

Thiocarboxylering van Urm1 wordt gekatalyseerd door het enzym MOCS3 (Uba4 in 

gist) en begint met de ATP-afhankelijke activering van de C-terminale glycine van 

Urm1, gevolgd door de toevoeging van zwavel. Dit mechanisme is vergelijkbaar met 

zwavelmodificatie van de zwaveldragers MoaD en ThiS, welke een rol spelen in de 

biosynthese van respectievelijk molybdopterine en thiamine. 

Hoofdstuk 2 laat  verder zien dat gethiocarboxyleerd Urm1 functioneert als 

zwaveldonor in the thio-modificatie van bepaalde tRNA moleculen. Urm1 bindt 

daartoe de thiouridylase ATPBD3 (Ncs6 in gist). Dit enzym brengt de zwavel van de 

C-terminus van Urm1 over naar de “wobble” uridine in tRNALys(UUU), tRNAGlu(UUC), and 

tRNAGln(UUG). UPF0432 (Ncs2 in gist), een voorheen ongekarakteriseerd eitwit, 

functioneert  ook als thiouridylase in de Urm1 pathway, ook al is de exacte rol van dit 

eiwit  nog niet duidelijk.  In afwezigheid van Urm1, ATPBD3, of  Ncs2 is de thiolatie van 

tRNA moleculen sterk verminderd in zowel S. cerevisiae als humane cellen, wat  er 

op wijst  dat dit mechanisme is geconserveerd in eukaryoten. De functie van tRNA 

thiolatie blijft onduidelijk,  maar deze modificatie is waarschijnlijk betrokken bij de 

stabilisatie van codon-anticodon interacties tijdens ribosomale eiwit synthese. 

Eerder werk in gist  liet zien dat Urm1 ook geconjugeerd kan worden aan eiwitten, 

naar analogie met Ub. Het onderliggende mechanisme van eiwitmodificatie door 

Urm1 (urmylering) bleef  onopgehelderd en er was slechts een enkel substraat 

eenduidig geïdentificeerd. Hoofdstuk 3 toont aan dat een oxidatieve omgeving de 

conjugatie van Urm1 aan substraten stimuleert,  zowel in vitro als in vivo. Het C-

terminale thiocarboylaat van Urm1 is noodzakelijk voor deze oxidant-geïnduceerde 

urmylering. Het proces van urmylering is vergelijkbaar met meerdere aspecten van 

ubiquitylering, waaronder de vorming van een thioester binding tussen Urm1 en 

MOCS3 en een covalente binding tussen de C-terminus van Urm1 en een lysine in 

het substraat. Met behulp van massa spectrometrie zijn een aantal van deze 

substraten geïdentificeerd, waaronder componenten van de Urm1 pathway  zelf, 

alsmede een aantal eiwitten die betrokken zijn bij nucleair transport. 
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In Hoofdstuk 4 zijn de gevolgen van een defect in de Urm1 pathway  onderzocht met 

behulp van een transgeen muis model.  In dit model komt een dominant-negatieve 

variant  van Urm1 tot expressie op doxycycline-induceerbare wijze. Deze dominant-

negatieve Urm1 variant mist de C-terminale glycine (Urm1 G) en kan derhalve niet 

worden gethiocarboxyleerd. In aanwezigheid van doxycycline komt Urm1 G hoog 

tot  expressie in meerdere weefsels en dit resulteert  in een 75% afname in tRNA 

thiolatie. Howel Urm1 G muizen op het eerste oog gezond lijken, zijn zij 

onvruchtbaar indien gehandhaafd op doxycycline-bevattend drinkwater, in 

tegenstelling tot wild-type muizen. Het is niet bekend of  dit defect voortvloeit uit een 

gebrek aan tRNA thiolatie, eiwit modificatie, of  beide. Desalniettemin duidt deze 

bevinding op een essentiële rol voor Urm1 in de embryonale ontwikkeling. 

Tenslotte beschrijft Hoofdstuk 5 de expressie en functie van een alternatieve 

isoform van Urm1 (Urm1B). Het N-terminale domein van Urm1B is identiek aan 

Urm1, terwijl de C-terminus van Urm1B afwijkt. Een C-terminaal diglycine motief 

ontbreekt in Urm1B, en derhalve kan Urm1B niet worden gethiocarboxyleerd. In de 

afwezigheid van ATPBD3 is Urm1B onstabiel en wordt snel afgebroken door het 

proteasoom. Associatie tussen Urm1B en ATPBD3 resulteert in de stabilisatie en 

redistributie van Urm1B. Hoewel dit werk nog in een beginstadium is duiden deze 

resultaten op een mogelijke rol voor Urm1B in de negatieve regulering van de Urm1 

pathway.   

De dubbele rol van Urm1 in tRNA thiolatie en eiwit modificatie suggereert dat Urm1 

een evolutionaire tussenstap is en de functie van prokaryote zwaveldonoren 

combineert met covalente modificatie van eukaryote eiwitten. Meer werk is nodig om 

te laten zien of  er nog andere componenten deel uitmaken van de Urm1 pathway  en 

om vast te stellen wat de invloed is van dit pathway  op eiwitsynthese, de stress 

respons en embryonale ontwikkeling. 
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of  Urm1! I  have learned a lot from your scientific approach and views, and I am sure 

you will be the new star at Yale. Boaz, during my first months in the Ploegh lab you 

told me: “You are going to be here a very  long time”. How right you were! Thank you 

for everything you taught me. Max, I promised you, I will acknowledge you for all 

those ChemDraw figures, manuscript corrections and critical discussions in my 

thesis!  Thank you for always helping me. I have very  much enjoyed your down-to-

earth humor and your American patriotism! Good luck in Rochester! Marisa, you 

were such a fun baymate! Pink bacteria, American trivia and pooling competitions. I 

loved your stories about the Pennsylvanian outback and the pub crawls in 

Wisconsin. I had a great time with you while you were in lab, and I have missed you 

very  much since you left. Eva, your humor,  energy  and enthusiasm made lab so 

much fun!  Thanks for cheering me up from time to time and for making me see that 

‘flying under the radar screen’ can be a good thing. I will see you in London! Kat and 

Eli, team Due, thank you for your help and great hospitality, we will see each other in 

London as well! Irene, you have a wonderful personality  and you are a great yogini! 
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Namaste! Ana and Juanjo, I will miss your warm-hearted Argentinian spirit!  Chris and 

Kerry, thank you for indulging me in the American traditions and customs. I  will never 

forget  those giant turkeys! Gijs, -2-microglobulin, glutathione and a blue FPLC 

column, thank you for all your help as my  go-to Chemistry  expert! Eric,  thanks for 

analyzing millions of  bands for me! Janneke, hartelijk  bedankt voor je inzet  als 

Master student. Het was een hele leerzame ervaring voor mij om een student te 

begeleiden, en dankzij jouw hulp kon ik eindelijk  aan mijn favoriete project werken. 

Je zult een fijne collega zijn in London.

Ik  wil graag al mijn vrienden bedanken voor hun steun, interesse, en bovenal hun 

vriendschap.  Maaike en Rozemarijn, al bijna 20 jaar zijn we bevriend met elkaar; ik 

heb jullie gezelligheid,  gegiechel, en geklets ontzettend gemist de afgelopen jaren. 

Maaike, wat lief  dat je altijd speciaal voor mij van Groningen naar Hardenberg wilde 

rijden! Rozemarijn,  bedankt voor al je lieve kaartjes, pakketjes en bovenal voor de 

jaarlijkse Sinterklaaspost! Fenna, we hebben samen veel gedeeld hier in Boston. Na 

je vertrek naar San Fransisco heb ik je erg gemist.  Je enthousiasme, ontomelijke 

energie en positieve instelling zijn bijzonder aanstekelijk. Annelies en Carin, ook jullie 

hebben het die eerste maanden in Boston ontzettend gezellig gemaakt! Annelies, ik 

doe met moeite afstand van die geweldige rode Kronan van jou!  Carin, je staat  altijd 

klaar voor anderen en dat is  echt bewonderenswaardig! Olivia, ontzettend leuk dat je 

in Boston langs ben geweest.  Jouw proefschrift was een fantastisch voorbeeld voor 

mij. Lisa, Marloes en Eveline, bedankt voor jullie vriendschap. De pannenkoeken, 

Willem Schuylenburglaan en de vele thee-uurtjes; ik heb het allemaal gemist. Het 

betekent heel veel voor mij dat jullie ondanks de grote afstand allemaal contact 

hebben gehouden!

Lieve familie, ook jullie bedankt voor alle steun en interesse de afgelopen jaren. 

Ondanks mijn sporadische bezoekjes is het altijd gezellig als vanouds. Oma, 

bedankt  voor al je kaarten en krantenknipsels. Ik kijk elk jaar uit naar de traditionele 

kaasfondue met Kerst! 

Lieve Willemijn, zusje, beste vriendin, ouwe gabber, paranimf, ik weet dat je het altijd 

vervelend hebt gevonden dat ik Utrecht heb verruild voor Boston. Ondanks de 

vakanties, emails en Skype-uurtjes heb ik jou ook ontzettend gemist. Komende jaren 

gaan we dat  goedmaken! Ik vind het super dat je mijn paranimf  bent en tijdens mijn 

promotie naast mij zal staan! Je bent mijn liefste zusje!

Dear Ludo, meeting you was absolutely  the best thing that happened to me during 

my time in Boston. Your presence, calmness, humor and love make life so much 

easier and more enjoyable. You helped me in a million different ways during my  PhD. 

Thank you for being there for me, you make me very happy!

Lieve papa en mama, dankzij jullie ongelofelijke vertrouwen in mij heb ik de 

uitdaging in Boston aangedurfd, en ben ik gekomen waar ik nu ben. Zonder jullie 
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aanmoediging,  steun,  pep-talks, verwennerijen en bovenal onvoorwaardelijke liefde 

zou ik het niet hebben volgehouden. Ik heb genoten van de vele enveloppen gevuld 

met  krantenartikelen, tijdschriften en DVDs, die ondanks het tekort aan frankering, 

wonder boven wonder toch altijd weer terecht kwamen! De koffers vol met hagelslag 

en kaas die jullie langs de douane hebben gesmokkeld brachten Nederland een 

beetje dichterbij.  We hebben elkaar ontzettend gemist maar de afstand heeft ons 

ook (nog) dichter bij elkaar gebracht. Geweldig dat jullie met zo veel plezier de 

oceaan keer op keer zijn overgestoken. Ook voor jullie is Boston een tweede ‘home’ 

geworden!  We zullen het missen: de bakkerij met terras in Harvard Square, de 

Commander,  Starbucks, het kaasfondue restaurant, Charles street, de vele 

boekenwinkels en hotel Walnut. Maar ik weet zeker dat we het samen net zo gezellig 

zullen maken in London! Bedankt lieve papa en mama, jullie zijn geweldig! 
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