B (FEREIHN)

BEREA SD HE C—BREEEE, 1X
107, 2x10°% 4x10°, 8x10"cells/mL
LB L5 Sh B THRIRL, 7 F
VT <A E8HEREMIC 5 o
L AR o b L= (final : 5X10% 1X
10*, 2%10°, 4X10° cells/spot ).
F D%k, 30°CT 48 FRRfEE L, BB
Late,

3. Glass beads %12 & 5 B#f} genomic
DNA D3

YPAD ¥5ith 2 mL CT—RetE38 L /- B
»HEE L, BEK TS L2 200
wL @ breaking buffer |ZREH& L 7=,
WAL 200 pL o PCI LM ED
glass beads Nz . 3 HEET S
ZEC XV EERE A iR, 20,000 X g
T10 5 RE OOREL , BT A B L,
WERD 2-7an/—n, BLU NaCl
iR (RARTREE ;0.1 M) #M&T 5
STERTHE L, TO#&, 20,000
Xg T 10 2 MELTBEAATV,
genomic DNA % LBk &, 70%— % /
— LTk 1%, TE buffer (ZiaEfE L7,

4. —HERKIABEROER

4y BAEE Y (Saccaharomyces pombe)
KD HIS5BAnF % +5-> plasmid pUG27
DFae—F—BIRIF—Ix—¥F
—DEERY L BFRE®RT A7
Z U —ODOEERE D kanamycin it Em

F kanMX4 O 7o E—F—BLU¥—
IR—F—OHERFPRLCTHD
ZEEFAL. HISS BRTF=—A—
(= % gene disruption cassette @
F8L A 1T/ 7=, Complete set of
cerevisiae

saccharomyces gene

disruption strains (Euroscarf) @
%@ 1icF /KIEHRIC PCR THEME L=
HIS5 77 7 * > hzEi#k ) F U Lik
ICEVEAL, B647 histidine
B o 0 =—% kanamycin iR
BEF~—h—h HISS w—H—IicRZ
b o BB REHRERM L L,

Kanamycin MitEBEF~—H—0
HISS =~— W —~DBREHERT 57
Wiz, glass beads {EIZ L » TEET
RAEHRER 26 chromosomal DNA D
MR Z2iTR -7, B 6+
chromosomal DNA % template & LT
HiOBEF O OBFNZFRE L
7= primer @ PCR Z{T\ ., @ PCR P&
MORKEXET Ho—ABIKET
MBI kickY, HISS =—H—IT
LFoTHBEFVHEBRINLILE
MR LT, £/, 2O PCR EHEZ
HAEKOERIZ AW,

PEf L 7= B BT RIBHEEREA D
oy b & B OB G KEEE RO ERRR
Y F o hERICK ) M LT, YPAD H5H
2 nL T—MRIREE R L/I-BER%Z 5X
10° cells/mL &7 5 X HIZHIWL,
30CT 3 BRI E L=, T0%, BHE
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L7-BE 2 EERE ) 70 APSHK T 2.0X
10° cells/mL L7225 L HICHEB L |
30CT 15 A »Fa2~—F L1,
Z DRREHE 50 u L 12 chromosomal DNA
1.0 pg, MBEMEY 7+ DNA &
50 pg. 40% polyethylene glycol
(4000) % 300 uLANZ, 30°CT 304
A vFa—hLlk, &bHIT, 42°C
T 15 47 heatshock #1772 - 7=
£E L, BEK 0L IZHEBL TR
% SD FERIEHIZ A L, 30°C T 48 By
MgEE L/, €L T, ZTZTHLAKL
histidine JFERM a0 =— % B{EF
KiEHREME Lz, S8EFOXEE
iR 4 5 7=8IZ, glass beads #EIZ &
> TEBEFXREBHEREM S
chromosomal DNA D[EIN #1772 - 7=,
F b h & DNA %
template & L THRBLEFD I I
iz 3% 3 L7= primer 2 VT PCR %
TV, £® PCR EMIDKRE S &2T H
n—2BEXJKETHSLZLiCLD,
HISS =—H—IZ k> THBEFMK
RAah-BEENERIhT-Z L L2
Bl

chromosomal

C. mH -E8

1. T RV T=A 2 itz B 5 it
2 X F ALBER OB

TR T~A v omttticBb s B
EXF AR EBH LT EH2D,
17 RO X F U LBEREE TN

ZFNWRBSE-EBOT FIT<A
VO ERB LI, TO/RR. &
WMODAZ )V —=vVTCRIEINE
Ubp2, Ubp6 33 T Ubpld o 3 FlIZHN X
T.Ubpd ZRBEIET-ERLT RV T
<A K LTtERZ RT Z &0
A& L o7 (Fig. 2-1),

—75 . Ubp3, Ubp7 ¥ X Ut Ubpl3 ? KA
IXBERICT R 7T ~A v A%
PHEZBREVWHIZEMBHALMNE RS
= (Fig. 2-1),

Wiz, 7 RY T7T<A o ot
BB EIER2EXTF AMLEER D
FREBFREZFAD DI, 2 fFEOM
AbEXRFUEELRAFICRBIE
TR EERL, WESEHICRETST
FUT7~A v RBEMEERE~TZ, €D
#E 5. Ubp2/Ubp4. Ubp2/Ubp6 I3 X TF
Ubp4/Ubpld @ —E/R#BEKIT. TILE R
OEMARBERIZHES, BT FU T~
A v omttE%ER LTz (Fig. 2-2-A), &%
7=, Ubp6/Ubpl4 @ _FEXRIHEFKIL wild
type LRIBEDT FIU T7<A &
ZM AR L, Ubp6 35 & Ut Ubpld EF
NOBEMRBIZEIEZTRFIT<A
VI ENR D 6 e h o 72 (Fig.
2-2-B), Ubp4/Ubp6 #5 X T} Ubp2/Ubpl4
O HE/RIBERIZEE L TiX, growth 233
<, TR T~A o BEEERHT
B LiXTEaahol,

2. e xF kBERBIZLELST
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RV 7~ A ¥ SRR O fRAT
Bl F ALBERN KRBT D L
2 ERF FHRERFTE PP I
22X FMERE LD EXF
CORRBEN TE R e D2, fMkan
DaALXFUEBBAOT DI LB
LENTWS, I T, HIlERN=EXF
YEDODIETRT RV T7T<A %
PICEEE 52 DREMEE X, Bl
EXFUBEERBEKRICR) 2 X
F o Ubid #RBEHIET, 7RI 7T
A RBREEERE AT, EORBR,
Ubi4 o & FEEIZ Ubp2 35 L U Ubpb DK
BIZLA7T FU T4 v UomtEicE
Er Bz lehro - (Fig. 3-1 ),
BEEDT R Y 7= A ¥ ittt 15
L LT, MiariER L O T,
WS ~DOT R T <A DOHEH

RERENMBENTWS, £Z TRIZ,

INRGEMOT R T vA v otk
SRR L o B F LB KA
WCEBT RUT <A it EgEs
WOBELERN LI, TRIT =AY
CittEE R TR X F o LEEE X
RO, bR L AFESH
EER{EAKF L NTa— ) ZxT 5
MR- L Z A, Ubp2, Ubps,
Ubpl4 KABEERF I E 2% L Tt
R & 7o T, £7-., Ubpd KiEFRIT
WBEE L KFEIZRT LTl wild type &1
ERBEORZMEZ R LM, AT
— bz L TRPICEBEZHEETL

7= (Fig. 3-2-A), F7=. DNA {EFAIT
HEVATTF o BLIORT A=A
3R LT, Ubp2, Ubp6, Ubpld /&
AT wild type & IZIEFIFRE DK
PeER LTz, £72, Ubpd KIBERIXT A
T IFF AR L TiL wild type & [EE2
EORBRZMERLEN, Tt~ a v
Sext L CiEEE s E R LT (Fig.
3-2-B);

Ehiz, BavrxF (LEBERXKIEIZ
EBT BT <A 2 o itEEs M
fask~07 R T7T=A > HEHOR
EIZLDLDOTHHFREMEEEX, &
Bt v % F AL EEFE RBEER O
N7 FIT7T~A v EREEZHBHFFL
foo FOFRER, WTHOXRBHD wild
type I[ZHE~HIlRAANT RV 7T ~=A >
ERENAEL TS L1372 <, Ubpb
KRBT ERBEOHEMBEB S h
elFig. 3-3).

D.EZ%&
HEFRERICFET S 17T BEOK =
v F A bEEFED 5 B, Ubp2, Ubpd,
Ubp6 35 L TF Ubpld D RIBHEERIZT
FRUVT7T~=A v oiittEdEx, £/,
Ubp3, Ubp7 3 XX Ubpl3 D /RIENEE
BOTF7 R T7T~A o5 elmy
BIERHLNERS T,
TRIT~A v EREREICREL S
2B EDBRALMERSTHaEX
F ALBEFE L, Table 1 B X Table 2
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IR LI E DT, trae REEZ /37
O RAECEERE T LTS
BREBBICBWTEHEREREZR -
LTW3, LENR-T, b HF
MEEERIT TN TN ER D EH D
HEMLTT FIT~A st
FE#EBICEE L TWA A REENS
Z B b, Ubp2/Ubpd, Ubp2/Ubpb 33 &
U* Ubp4/Ubpld > _ERBEERHT, &
NENOBEMREEERFIZHA, 61T
BWT RUT<A L rttEErm LT,
DT ENL, B2 EXTF LR
TENEFNERIBETT NI T~
A UEICEESE LTS EEZL
ns,

%7z, Ubp6/Ubpld # FIRFIZ R
I, T R T=A B
T L A EEET, TR ENDOR
EXFALBEERBICELIST FIT
A L UTHEDSED B Aoz, Ubpb
KIEHTROH LN D RHH (FRAE
#| anisomysin &S ME) A3, Ubpld
DORIERBIZL-TEETSZ LB
Mo TW5b, L7zd3->T, Ubp &
Ubpl4 1T EVWOREREIZCEE L B X G\
RRG, TR T~<A 2 U itEESHE
BIZBADLS TWHAREMHLEETE
720N,

e % F AMERERBICELST R
V7 =42 rtEEGFICHENT &
FF L UNADETHEL-> TS
ARSI bR, R 2% F

T b Ubid DEFHEBIT Ubp2 B LT
Ubpé ORBIZLBT RIT~wA
M EAE L5 X o Tz, LIzdio
T. 7 &% Ubp2 35 L T Ubpb DK
BIZXDT7 R T <A v oitEES
BHIC, MlER X F U BoRIE
BELTWARWVWEEZLRS,

Fio, TRUT <A v UittEE Ry
Bl B F (L EE R R EERE I BR L
AN AFEYE THDHBEBELKE
ENT a— MIxt Lt Z R & 725
o7, Lo T, Sl ExF 4k
BEERERBRENETOELA FL X
FEHEIIA L THIMEEZ TR T LI T
TNz Ehn, RfabvxF AuEER
RBIZLBT R T=A it
BIHRAECEE O TTEIZE S
LTWhineEExbhd, E6ICER
X FUALEER RIBEERNT, T R
T<A LY ERUL DNAGEEERZR
SHIBER THDE L ATIF U BLIO
TrFd A iR LTitEE R S
RN END, B X F U LEEEX
Hic L HMEESEX, 7RI T~A4 ¥
VICHBHRRAORBERETHLHLE
bbb,

MRS ~OT K T~A PR
ENRT FUT <A MDD
BETH5ZLAMBNT VDA, FiK
2R F ALEER REBR O M
T R)T7T=A v EFEEIT wild type
WA T B Lk hot, ZO
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Table 1. RBIZ L VEBRIZT FI 7T~ Uitttz 52 2R X F U (LBER

Al P R TE HRRRICEIT L EE %% 3k
UBP2 HHRAEL K63t LR a2 ®F - #Ho Kee Y. et al., 2006
o % F 1k
- DNAETE % +—¥ Dtk .
UBP4 2 Wil - MVB (multivesicular body) Amerik A. et al., 2000
[ pathway(Z 1T A = &% F 1k Dupre S. et al., 2001

UBPE6 a7 J—LI K48l &R 2% F Russell NS. et al., 2004
EEEERETE Sl eXxTF ik
s FOFTF Y=L L BTN
53 7. 0 i) £

UBP14 il - R Y 2 ERF G Yk Russell NS. et al., 2004
s KO IR Y 2 X F
oM exF 1k

Table 2. RBIZ L VEERICT FI 7T=A L BRBZIHY 52 Do X F L {LEESRE

AN BTE MRk T A flh % % STk

UBP3 Al e BT o IR =L R Ol Li K. et al., 2007
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ABSTRACT

We report here that overexpression of Rad23, a protein related
to the ubiquitin-proteasome system, renders yeast cells resis-
tant to methylmercury. Rad23 has three domains: two ubig-
uitin-associated (UBA) domains that bind to the multiubiquitin
chain of ubiquitinated proteins and a single ubiquitin-like (UbL)
domain that binds to proteasomes. To examine the mechanism
of acquisition of methylmercury resistance that is induced by
overexpression of Rad23, we expressed variants of Rad23 in
which one or the other of the two types of domain was defective
in yeast cells. In cells that overexpressed full-length intact
Rad23, we detected elevated levels of intracellular ubiquiti-
nated proteins, and the cells were resistant to methylmercury.
In contrast, cells that overexpressed Rad23 with a defective
UBA domain were not resistant to methylmercury and con-

tained control levels of ubiquitinated proteins. Yeast cells that
overexpressed Rad23 with a defective UbL domain exhibited
enhanced resistance to methylmercury and contained even
higher levels of ubiquitinated proteins than cells that overex-
pressed intact full-length Rad23. Rad23 is known to have two
mutually contradictory functions. It suppresses the degradation
of ubiquitinated proteins by proteasomes via a mechanism
mediated by the UBA domains, and it enhances the degrada-
tion of ubiquitinated proteins via a mechanism that is mediated
by the UbL domain. Therefore, our findings suggest that Rad23
might induce resistance to methylmercury in yeast cells by
suppressing the degradation of proteins that reduce the toxicity
of methylmercury via a UBA domain-mediated mechanism.

Methylmercury is an important environmental pollutant,
causing severe damage to the central nervous system as a
result of passage across the blood-brain barrier (Clarkson,
2002; Castoldi et al., 2003; Sanfeliu et al., 2003). Many re-
ports on methylmercury poisoning have been published, but
mechanisms of methylmercury toxicity, as well as bio-de-
fense mechanisms against this toxicity remain to be clarified.

We have been studying the genes that are involved in
resistance to methylmercury in yeast, a eukaryotic unicellu-
lar organism whose gene products have many functional
similarities to those of mammals, including humans (Miura
et al., 1999; Naganuma et al., 2000, 2002; Furuchi et al.,
2002; Hwang et al., 2002). We demonstrated that overexpres-

Thie work was supported by Grant-in-Aid for Scientific Research (A)
15209004 from the Japan Society for the Promotion of Science and by Health
and Labor Sciences Research Grants for Research on Risk of Chemical Sub-
stances from Ministry of Health, Labor and Welfare Japan.

Article, publication date, and citation information can be found at
http://molpharm.aspetjournals.org.

doi:10.1124/mol.105.013516.

sion of Cde34, a ubiquitin-conjugating enzyme (E2) that is a
component of the ubiquitin-proteasome system, induces a
resistance to methylmercury toxicity in yeast cells (Furuchi
et al., 2002).

The ubiquitin-proteasome system is involved in the intra-
cellular degradation of proteins (Hershko and Ciechanover,
1998; Pickart, 2001, 2004). In this system, multiple ubiquitin
molecules are linked to substrate proteins by sequential re-
actions that are catalyzed by ubiquitin-activating enzyme
(E1), ubiquitin-conjugating enzymes (E2), and ubiquitin li-
gases (E3). The multiubiquitin chain that has been attached
to a protein in this way allows the ubiquitinated protein to be
recognized by the 268 proteasome and degraded. When
Cdc34 is overexpressed in cells, ubiquitination reactions are
activated, and the degradation of certain proteins by the
ubiquitin-proteasome system is enhanced (Hwang et al.,
2002). The acquisition of resistance to methylmercury in
Cdc34-overexpressing yeast cells requires the ubiquitin-con-
jugating activity of Cde34 and the proteolytic activity of pro-
teasomes (Hwang et al., 2002). Therefore, it seems likely that

ABBREVIATIONS: UBA domain, ubiquitin-associated domain; UbL domain, ubiquitin-like domain; SD, synthetic dextrose; PAGE, polyacrylamide

gel electrophoresis; F, forward; R, reverse.
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certain as-yet-unidentified proteins that increase methyl-
mercury toxicity might exist in cells and that toxicity might
be reduced by the enhanced degradation of such proteins,
mediated by the ubiquitin-proteasome system, when Cdc34 is
overexpressed (Hwang et al., 2002),

In the present study, we examined the effects of Rad23,
which is known to interact with ubiquitinated proteins, on
the acquisition of resistance to methylmercury by yeast cells.
It has been reported that Rad23 has two mutually contradic-
tory functions. One of the functions of Rad23 is the inhibition
of elongation of the ubiquitin chain via binding to the ubiq-
uitin moiety of ubiquitinated proteins (Ortolan et al., 2000;
Bertolaet et al., 2001; Chen et al., 2001; Raasi and Pickart,
2003). Because proteasomes recognize multiubiquitinated
proteins as substrates when more than a certain number of
ubiquitin molecules have been attached (Pickart, 2001,
2004), it has been postulated that proteins can elude degra-
dation by proteasomes when the elongation of ubiquitin
chains is inhibited. The second function of Rad23 is the
transportation of ubiquitinated proteins to proteasomes
(Chen and Madura, 2002; Rao and Sastry, 2002; Lambertson
et al,, 2003). Rad23 binds to proteasomes, thereby enhancing
the degradation of ubiquitinated proteins. Thus, Rad23
seems to regulate the degradation of ubiquitinated proteins
via the mutually contradictory enhancement and suppres-
sion of such degradation. In this study, we found that over-
expression of Rad23 renders yeast cells resistant to methyl-
mercury, and, in contrast to overexpression of Cdc34, the
resistance might be induced by suppression of the degrada-
tion of proteins that is mediated by the ubiquitin-proteasome
gystem.

Materials and Methods

Culture and Transformation of Yeast Cells. The strain of
Saccharomyces cerevisiae used in this study was W303B (MAT«a his3
canl-100 ade2 leu2 trpl ura3) (Naganuma et al., 2000). Yeast cells
were cultured at 30°C in synthetic dextrose (SD) medium. Plasmid
DNA was introduced into W303B cells by the high-efficiency lithium
acetate transformation method (Miura et al., 1999).

Construction of Plasmids. The RAD23 and FLAG-RAD23 genes
were amplified by the polymerase chain reaction from yeast genomic
DNA as template with the following oligonucleotides as primers:
RAD23-F, 5'-CACAGAGCACACAAAGACAAC-3', and RAD23-R,
5'-GTGAAGATACTTCAAGCCA-3' for the RAD23 gene; and RAD23-
FLAG-F, 5'-CATACAATAGAAAAATGGACTACAAGGATGACGAT-
GACAAGGTTAGCTTAACCTTTAA-3" and RAD23-R for the FLAG-
RAD23 gene. The amplified fragments of DNA were ligated into the
pKT10 yeast expression vector. Sequences of constructs were verified
with an automated sequencer.

Quantification of the Toxicity of Methylmercury in Yeast
Cells. Yeast cells (10° cells/200 ul) were cultured in SD (-Ura) liquid
medium that contained methylmercuric chloride at various concen-
trations. To quantify cell growth, we measured the absorbance of the
culture at 600 nm every 2 h for 48 h. For the colony-formation assay,
we cultured yeast cells (10° cells/ml) in SD (-Ura) liquid medium that
contained methylmercuric chloride (800 nM) for 3 h at 30°C. After
treatment with methylmercuric chloride, yeast cells were seeded at a
density of 102 cells per plate on agar-solidified SD (-Ura) medium,
and formation of colonies was examined after culture for 2 days at
30°C. Yeast cells transformed with the pKT10 empty vector were
used as controls.

Site-Directed Mutagenesis. Site-directed mutagenesis of the
gene for Rad23 was performed as described elsewhere (Furuchi et al.,
2004) with a kit for site-directed mutagenesis from Stratagene (Ce-
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dar Creek, TX) according to the manufacturer’s instructions. We
constructed a variety of mutant RAD23 or FLAG-RADZ23 genes by
creating pairs of Sacl sites in the open reading frame of the RAD23
or FLAG-RAD23 genes and excising the fragments between the
respective pairs of Sacl sites. We amplified fragments by polymerase
chain reaction using plasmid pKT10-RAD23 or pKT10-FLAG-
RAD23 as the template and the following oligonucleotides as prim-
ers: 5'UbL-F, 5'-CAACATACAATAGAAAAATGGAGCTCTTAAC-
CTTTAAAAATTTCAAG-3'; 5'UbL-R, 5'-CTTGAAATTTTTAAAG-
GTTAAGAGCTCCATTTTTCTATTGTATGTTG-3'; 3'UbL-F, 5'-C-
ATGGTTTCTCAAAAAGAGCTCACGAAGACCAAAGTAAC-3'; and
3'UbL-R, 5'-GTTACTTTGGTCTTCGTGAGCTCTTTTTGAGAAAC-
CATG-3' for deletion of the UbL domain; 5'UBA1-F, 5'-CGGGAT-
TCGTGGTGGGAGAGCTCAGGAACGAGACCATCGAG-3'; 5'UBA-
1-R, 5'-CTCGATGGTCTCGTTCCTGAGCTCTCCCACCACGAATC-
CCG-3'; 3'UBAL-F, 5-GAATATCTACTGATGGAGCTCCCAGAA-
AATCTGCGTC-3'; and 3'UBA1-R, 5'-GACGCAGATTTTCTGGGAG-
CTCCATCAGTAGATATTC-3’ for deletion of the UBA1 domain; and
5'UBA2-F, 5'-CTTTCCAAGTTGACTATACCGAGCTCGACGATCA-
AGCTATTTCGC-3'; 5'UBA2-F, 5'-GCGAAATAGCTTGATCGTCG-
AGCTCGGTATAGTCAACTTGGAAAG-3'; 3'UBAZ2-F, 5'-CAAAT-
ATTCTATTCAGCGAGCTCGCCGACTGAGATTGTAG-3'; and 3'U-
BA2-R, 5-CTACAATCTCAGTCGGCGAGCTCGCTGAATAGAATA-
TTTG-3' for deletion of the UBA2 domain. After creation of each pair
of Sacl sites, the plasmid was cleaved with Sacl and self-ligated.
All mutations were confirmed by DNA sequencing. The resultant
plasmids were designated pKT10-FLAG-RAD23V"-* pKT10-
FLAG-RAD23VBAS  pKT10.-FLAG-RAD23UBA22  and pKT10-
FLAG_RADZSUBAIA+UBA24'

Immunoblotting. Cell extracts were prepared, and immunoblot-
ting was performed as described elsewhere (Hwang et al., 2002). To
quantify the total ubiquitinated proteins, we cultured yeast cells that
overexpressed FLAG-Rad23 or FLAG-mutant Rad23 to the mid-
logarithmic phase of growth in SD (-Ura) liquid medium and col-
lected Lhem by centrifugation. We suspended the cells in buffer C (20
mM Tris-HCI , pH 7.5, 5 mM MgCl,, 1 mM EDTA, 50 mM KCl, 5%
glycerol, 3 mM dithiothreitol, and the protease inhibitors phenyl-
methylsulfonyl fluoride and pepstatin A) and lysed them using glass
beads. The cell extracts were fractionated by SDS-polyacrylamide gel
(12.5%) electrophoresis (PAGE), and then bands of protein were
transferred to an Immobilon-P membrane (Millipore Corporation,
Billerica, MA) and subjected to immunostaining with FLAG-specific
monoclonal antibodies (anti-FLAG M2; Sigma Chemical, St. Louis,
MO) or multiubiquitin-specific monoclonal antibodies (clone FK2;
MBL, Nagoya, Japan), which recognize multiubiquitin chains of the
polyubiquitinated proteins but not free ubiquitin or the protein moi-
eties (Fujimuro et al., 1994).

Results

We investigated the effects of overexpression of RadZ23,
which is a protein that interacts with the ubiquitin-protea-
some system, on the sensitivity of yeast cells to methylmer-
cury. As shown in Fig. 1, yeast cells that overexpressed
Rad23 were much more resistant to methylmercury than
were control yeast cells, which harbored the empty vector.

Suppression of the elongation of ubiquitin chain by Rad23
is mediated by two ubiquitin-associated (UBA) domains
(UBA 1 and UBA2) (Fig. 2a). Rad23 binds to the ubiquitin
moiety of ubiquitinated proteins via these domains, inhibit-
ing the further elongation of ubiquitin chains (Ortolan et al.,
2000; Chen et al., 2001; Raasi and Pickart, 2003). By con-
trast, the region of the Rad23 molecule that is required for
the transportation of ubiquitinated proteins to proteasomes
is the ubiquitin-like (UbL) domain that is located at the
amino terminus (Elsasser et al., 2002; Saeki et al., 2002;
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Walters et al., 2003). The UbL domain is strongly homolo-
gous to ubiquitin, and it has been postulated that Rad23 acts
as a role as a shuttle that transports multiubiquitinated
proteins to the proteasome by binding to the proteasome via
this domain {(Chen and Madura, 2002; Rao and Sastry, 2002).

To clarify the relationship between the toxicity of methyl-
mercury and the two contradictory functions of Rad23, we
investigated the sensitivity to methylmercury of yeast cells
in which we overexpressed truncated variants of Rad23 that
were defective in either the UbL domain or one or both of the
UBA domains as FLAG-fusion proteins (Fig. 2a). We con-
firmed the expression of each truncated protein in the respec-
tive lines of yeast cells by Western blotting with FLAG-
specific monoclonal antibodies (Fig. 2b). We found that yeast
cells which overexpressed the Rad23 with a defective UbL
domain (UbLA) were more resistant to methylmercury than
were the cells that overexpressed intact full-length Rad23
(Fig. 2¢). In contrast, yeast cells that overexpressed Rad23
with a defective UBA1 domain (UBA1A) were less resistant
to methylmercury than cells that overexpressed intact full-
length Rad23. Furthermore, yeast cells that overexpressed
Rad23 with a defect only in UBA2 (UBAZ2A) or with a defect
in both UBA1 and UBA2 (UBA1A + UBAZ2A) were resistant
only to a very low level of methylmercury (Fig. 2c). We ob-
tained similar results with yeast cells that overexpressed the
respective Rad23 mutants without the FLAG tag (data not
shown). Our findings suggest that the UbL. domain in Rad23
might be involved in the enhancement of methylmercury
toxicity, whereas both the UBA1 and UBAZ2 domains might
be involved in the acquisition of resistance to methylmereury
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toxicity. Moreover, the UBA2 domain might be more inti-
mately involved than the UBA1l domain. The observation
that yeast cells which overexpressed intact full-length Rad23
were resistant to methylmercury (Fig. 1) indicates that the
functions mediated by the UBA1 and UBA2 domains might
dominate those mediated by the UbL domain with respect to
the acquisition of resistance to methylmercury, at least when
Rad23 is overexpressed.

Chen and Madura (2002) reported that overexpression of
Rad23 increased the total amount of cellular multiubiquiti-
nated proteins. Therefore, we examined the total amounts of
ubiquitinated proteins in veast cells that overexpressed the
various truncated mutant forms of Rad23 as FLAG-fusion
proteins. We found a marked increase in the total amount of
ubiquitinated proteins in the yeast cells that overexpressed
the intact full-length Rad23, as reported previously, and a
still more marked increase in the total amount of ubiquiti-
nated proteins in the yeast cells that overexpressed Rad23
with defect in the UbL domain (Fig. 3). In addition, we
detected a marked reduction in the total amount of ubiquiti-
nated proteins in the yeast cells that overexpressed Rad23
with a defect in either the UBA1 or the UBA2 domain. The
extent of the reduction was higher when the defect was in
UBAZ2 than when it was in UBA1 (Fig. 3). These results show
clearly that the UbL domain of Rad23 plays a role in reducing
the cellular level of ubiquitinated proteins, whereas the
UBA1l and UBAZ2 domains play a role in the opposite phe-
nomenon and increase levels of these proteins. Thus, our
findings support the reported contradictory mechanisms of
action of Rad23 in the degradation of ubiquitinated proteins.

Control + MeHg 100 nM
Rad23 + MeHg 100 nM

Control + MeHg 200 nM
Rad23 + MeHg 200 nM

Fig. 1. Sensitivity of yeast cells that overexpressed Rad23
to methylmercury. a, yeast cells (10° cells/200 pul/well) that
harbored pKT10 or pKT10-RADZ23 were cultured at 30°C in
SD (-Ura) liquid medium that contained methylmercune
chloride (MeHg) at the indicated concentrations. Absor-
bance at 600 nm was measured spectrophotometrically
every 2 h for 48 h. Each point and bar represents the mean
value and S.D. of results from three cultures. The absence
of a bar indicates that the S.D. falls within the symbol. b,
yeast cells (10° cells/ml) that harbored pKT10 or pKT10-
RAD23 were cultured in SD (-Ura) liquid medium that
contained 800 nM MeHg for 3 h at 30°C. After treatment
with MeHg, yeast cells were seeded at a density of 10° cells
per plate on agar-solidified SD (-Ura) medium, and forma-
tion of colonies was determined after incubation for 2 days
at 30°C.



