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Yeast tRNA-thiouridine modification protein 1 (Tum1p), a crucial component of

the Urm1 system, is believed to play important roles in protein urmylation and

tRNA-thiouridine modification. Previous studies have demonstrated that the

conserved residue Cys259 in the C-terminal rhodanese-like domain of Tum1p

is essential for these sulfur-transfer activities. Here, recombinant Tum1p protein

has been cloned and overexpressed in Escherichia coli strain BL21 (DE3). After

purification, crystals of Tum1p were obtained by the hanging-drop vapour-

diffusion method and diffracted to 1.9 Å resolution. The preliminary X-ray data

showed that the tetragonal Tum1p crystal belonged to space group I41, with unit-

cell parameters a = b = 120.94, c = 48.35 Å. The asymmetric unit of the crystal

was assumed to contain one protein molecule, giving a Matthews coefficient of

2.41 Å3 Da�1 and a solvent content of 49.0%.

1. Introduction

Ubiquitin and ubiquitin-like proteins (UBLs) are small modifiers that

regulate many important cellular processes via covalent conjugation

to target substrates (Pickart & Fushman, 2004; Sun & Chen, 2004;

Ulrich, 2002). Although limited sequence identity has been found

among UBLs, they all seem to share a similar enzyme-reaction

cascade: the C-terminal glycine–glycine motif possessed by most

UBLs is activated by adenylation and thus forms a thioester bond to

activating enzyme E1; activated UBLs are then transferred to con-

jugating enzyme E2 via transthioesterification and finally ligated to

their specific protein substrates with the help of ligase E3 (Hershko et

al., 2000; Hochstrasser, 2000; Pedrioli et al., 2008; Welchman et al.,

2005).

Eukaryotic ubiquitin-related modifier (Urm1p), the most ancient

UBL (Xu et al., 2006), has been shown to play many important roles

in yeast (Yu & Zhou, 2008), such as budding (Goehring et al., 2003b),

nutrient sensing (Rubio-Texeira, 2007), high-temperature sensitivity

(Furukawa et al., 2000), antioxidant stress response (Goehring et al.,

2003a) and post-translational modification of the elongator subunit

(Fichtner et al., 2003). Like many UBLs, Urm1p contains a C-terminal

glycine–glycine motif and a �-grasp-fold structural motif. Intriguingly,

it can also covalently modify Ahp1p, the yeast thioredoxin peroxidase

protein, mediated by the E1-like protein Uba4p (Furukawa et al.,

2000; Goehring et al., 2003a). Recently, Van der Veen and coworkers

have significantly extended this observation by detecting 21 further

substrates that are uniquely modified by Urm1p in response to

oxidative stress in human cells (Van der Veen et al., 2011). However,

compared with other UBLs Urm1p shows a significantly higher

sequence identity to bacterial sulfur carriers such as MoaD (molyb-

dopeterin; Pedrioli et al., 2008; Singh et al., 2005). Recently, several

independent groups have described a new function of Urm1p as a

sulfur carrier in the 2-thiolation of 5-methoxycarbonylmethyl-

2-thiouridine (mcm5s2U; Bjork et al., 2007; Dewez et al., 2008; Huang

et al., 2008; Leidel et al., 2009; Nakai et al., 2008; Noma et al., 2009).

Thus, Urm1p is regarded as a molecular fossil in the evolutionary link
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between prokaryotic sulfur carriers and eukaryotic ubiquitin-like

proteins (Pedrioli et al., 2008).

Several genome-wide screens have indentified five components

that are responsible for the protein-urmylation and tRNA-modifi-

cation branches of the Urm1 pathway: Urm1p, Tum1p, Uba4p, Ncs2p

and Ncs6p (Huang et al., 2008; Leidel et al., 2009; Nakai et al., 2008;

Noma et al., 2009). In addition, the cysteine desulfurase Nfs1p is

believed to be an upstream component of the system (Marelja et al.,

2008; Nakai et al., 2004); it cannot be detected by the screen since it is

required for cell survival (Nakai et al., 2001). Briefly, in vitro assays

revealed that using pyridoxal 5-phosphate (PLP) as a cofactor, Nfs1p

accepts sulfur from cysteine to form a persulfide (Ikeuchi et al., 2006;

Nakai et al., 2004) and this bond can subsequently be transferred

to the rhodanese-like domain (RLD) of Tum1p or Uba4p. Tum1p is

believed to be an important Nfs1p activator as well as an optional

persulfide mediator; it is not essential as Nfs1p can transfer persulfide

sulfur to Uba4p directly, but it can very significantly enhance the

activity of Nfs1p. The E1-like enzyme Uba4p then activates Urm1p

by forming an acyl adenylate intermediate at the C-terminus of

Urm1p and forms an acyl disulfide bond between Cys397 of Uba4p

and the C-terminal glycine of Urm1p (Noma et al., 2009; Schmitz et

al., 2008). Thiocarboxylated Urm1p is then released, which is the

substrate catalyzed by the Ncs6p–Ncs2p complex in the 2-thiolation

modification of mcm5s2U and is also the activated Urm1p used in

urmylation (Dewez et al., 2008).

Sequence alignment has detected two rhodanese-like domains in

the N-terminal and C-terminal regions of Tum1p. Rhodaneses are

widespread enzymes that detoxify cyanide by converting it to thio-

cyanate, and conserved cysteine residues play a crucial role in their

catalytic activity and substrate recognization (Bordo & Bork, 2002).

Interestingly, site-directed mutagenesis demonstrates that Cys259

in the Tum1p C-terminal RLD is the only site used for persulfide

formation, since the N-terminal RLD seems to be an inactive RLD,

with no conserved cysteine residue being found on alignment. High-

throughput screening of the subcellular locations of yeast proteins

indicates that Tum1p is localized in the mitochondria and cytoplasm,

while Nfs1p is mainly located in the mitochondria and Uba4p in the

cytoplasm (Huh et al., 2003; Kumar et al., 2002; Sickmann et al., 2003).

Based on these results, Tum1p might be a shuttling protein between

the mitochondria and cytoplasm and thus transfer persulfide sulfur

from Nfs1p in the mitochondria to Uba4p in the cytoplasm (Noma et

al., 2009).

2. Materials and methods

2.1. Cloning, expression and purification

We cloned the Saccharomyces cerevisiae Tum1p gene (GeneBank

ID NM_001183670.1) into a pET28b (Novagen, USA) plasmid with

an N-terminal His6 tag using the following synthesized primers:

forward, 50-GGACTAGTATGCCATTATTTGATCTTATTTCTC-30;

reverse, 50-CACCTCGAGTTAATCTCTGTTTTCAGCAATCC-30.

After confirmation by sequencing, pET28b-Tum1p was transformed

into Escherichia coli strain BL21 (DE3). Bacteria were grown in

LB medium (containing 50 mg l�1 kanamycin and 34 mg l�1 chlor-

amphenicol) at 310 K to an OD600 around 0.8 and protein expression

was induced by the addition of 1 mM isopropyl �-d-1-thiogalacto-

pyranoside (IPTG) at 298 K for 8 h. Cells were harvested by centri-

fugation at 5000g for 10 min.

The cell pellet was resuspended in a standard buffer (40 mM

Na2HPO4, 10 mM NaH2PO4, 300 mM NaCl, 10 mM imidazole pH

8.0) and disrupted by pressure (JN-3000 PLUS, JNBIO, People’s

Republic of China) at 277 K. After centrifugation at 27 000g at 277 K

for 30 min, the supernatant was passed through a pre-equilibrated

Ni–NTA Superflow column (Qiagen). Briefly, after washing the

column with standard buffer containing 10 and 35 mM imidazole to

remove other proteins, the His6-tagged Tum1p was washed out with

elution buffer (40 mM Na2HPO4, 10 mM NaH2PO4, 300 mM NaCl,

250 mM imidazole pH 8.0) and dialyzed into 5 mM Tris–HCl pH 8.0,

300 mM NaCl. The purity and concentration of the protein samples

were subsequently analyzed by SDS–PAGE (Fig. 1) and Bradford

assay (Pierce). Fractions containing Tum1p were at 20 mg ml�1 after

dialysis and were frozen at 203 K until use in crystallization.

2.2. Crystallization and X-ray data collection

Preliminary crystallization conditions were screened using Crystal

Screen Lite and Crystal Screen 2 (Hampton Research, USA) with the

hanging-drop vapour-diffusion method at 293 K. Tetragonal crystals

were obtained by mixing 1 ml 15 mg ml�1 protein with 1 ml reservoir

solution and equilibrating the drop over 500 ml reservoir solution
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Figure 1
Coomassie Blue-stained 12% reducing SDS–PAGE gel showing the purity of the
Tum1p used for crystallization. Lane 1, molecular-weight marker (labelled in kDa);
lane 2, Tum1p sample used in crystallization trials at a 1/10 concentration.

Figure 2
A crystal of Tum1p grown using a reservoir solution consisting of 0.1 M sodium
cacodylate trihydrate pH 6.5, 0.2 M ammonium sulfate and 15%(w/v) polyethylene
glycol 8000. The dimensions of the crystal are about 0.2 � 0.2 � 1.0 mm.



consisting of 0.1 M sodium cacodylate trihydrate pH 6.5, 0.2 M

ammonium sulfate and 15%(w/v) polyethylene glycol 8000. The

crystals obtained grew to maximal dimensions of about 0.2 � 0.2 �

1.0 mm within 3 d (Fig. 2). Prior to data collection, a single crystal was

soaked in mother liquor containing 30%(v/v) dimethyl sulfoxide as a

cryoprotectant and flash-cooled directly in a liquid-nitrogen stream at

100 K.

X-ray diffraction data were collected using an exposure of 1.2 s

per image on the BL17U-MX beamline at Shanghai Synchrotron

Radiation Facility (SSRF: �= 0.93219 Å at 100 K) using a MAR DTB

detector system. One complete data set was obtained by collecting

360 images with 1� oscillation. The data were processed using the

HKL-2000 package (Otwinowski & Minor, 1997).

3. Results and discussion

In this study, recombinant Tum1p protein was successfully cloned and

overexpressed in E. coli. After purification, Tum1p was crystallized

by the hanging-drop vapour-diffusion technique. From the screens,

tetragonal crystals of Tum1p suitable for X-ray diffraction analysis

could be obtained under two conditions: (i) 0.1 M sodium cacodylate

trihydrate pH 6.5, 0.2 M ammonium sulfate, 15%(w/v) polyethylene

glycol 8000 and (ii) 0.1 M sodium citrate tribasic dihydrate pH 5.6,

10%(v/v) 2-propanol, 10%(w/v) polyethylene glycol 4000. Our results

revealed that condition (i) was better. The statistics of the preliminary

crystallographic data for the Tum1p crystal are given in Table 1. The

crystals of Tum1p belonged to space group I41, with unit-cell para-

meters a = b = 120.94, c = 48.35 Å. Calculation of the Matthews

coefficient indicated that there was one molecule in the asymmetric

unit with a Matthews coefficient of 2.41 Å3 Da�1, corresponding to a

solvent content of 49.0%.

We are attempting to determine the structure of Tum1p by the

molecular-replacement method. The X-ray crystal structure of Tum1p

may provide information on how it interacts with Uba4p and Nfs1p as

a persulfide mediator and an important Nfs1p activator. Also, it may

provide us with further information regarding its presumptive

shuttling activity. Therefore, determination of the Tum1p structure

would provide us with a novel illustration of the entire Urm1 system.
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Table 1
Data-collection statistics.

Values in parentheses are for the highest resolution shell.

Source Beamline BL17U, SSRF
Wavelength (Å) 0.93219
Resolution range (Å) 50–1.9 (1.93–1.90)
Space group I41

Unit-cell parameters (Å) a = b = 120.94, c = 48.35
Observed reflections

Total 1822023
Unique 27813

Completeness (%) 99.7 (97.4)
Molecules per asymmetric unit 1
VM (Å3 Da�1) 2.41
Rmerge† (%) 7.9 (29.2)
Average I/�(I) 30.7 (6.8)
Mosaicity (�) 0.694
Solvent content (%) 49.0

† Rmerge =
P

hkl

P
i jIiðhklÞ � hIðhklÞij=

P
hkl

P
i IiðhklÞ, where Ii(hkl) is the intensity of

reflection hkl,
P

hkl is the sum over all reflections,
P

i is the sum over i measurements of
reflection hkl and hI(hkl)i is the weighted average intensity of all observations i of
reflection hkl.
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