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Effects of Sus1, a component of TREX-2 complex, on growth and

mRNA export in fission yeast
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Susl / ENY2 is a tiny conserved protein that is involved in
chromatin remodeling and mRNA biogenesis. Sus| is associated
to two nuclear complexes, the transcriptional coactivator SAGA
and the nuclear pore associated TREX2. In fission yeast,
Schizosaccharomyces pombe, ortholog of Susl / ENY2 was
identified from the genome database. Tetrad analysis showed
that the S. pombe susl is not essential for growth. However,
deletion of the susl gene caused cold-sensitive growth retardation
with slight accumulation of poly(A)" RNA in the nucleus. And
the Sus1-GFP protein is localized mainly in the nucleus. Yeast
two-hybrid analysis and co-immunoprecipitation experiment
showed that Sus1 interacts with Sac3, another subunit of TREX2
complex. These results suggest that S. pombe Susl is also
involved in mRNA export from the nucleus as a component of
TREX-2 complex.

Keywords: fission yeast S. pombe, mRNA export, susl, TREX-2
complex
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mRNA 9| g1} 71-34(5” 743, A& etol A, 37 ek 9l Ee2jof
gld3hS A A, 44<3mRNP (messenger ribonucleoparticle)
2 ZZH(packaging)F & Al<=3 mRNALE 8 dhof] Z2)31=
355 (nuclear pore complex)E 53f| Sjof A A=A =
WEETh WEE mRNAE Tl 2 s AL Eaf ==
e A=tk o)A B dH] A HE 52
£ 2 3x o] 2EEH A &= 7S A =TK(Stewart, 2010;
Rodriguez-Navarro and Hurt, 2011). o] &gt 74 Z} iyl
AEY s 2doll= oY AR S H Tl E H3HA|
(multi-protein complex)E°| £ 23 93-S %%’8} Zo=z
oA AL Qe

Sus1/ENY2+=mRNA ZAR} A28 2 o) ik ah-2 A7
Al7)=d] 2935 5k 5= thal 2l o|ti(Galan and Rodriguez-
Navarro, 2012). ENY2&= Zula] oA AA} &AJof] Tofdh=
RS §AHA WO AEsHe B A e s
A =] At Georgieva et al., 2001). 0] 3 Zo}a o 4| &= ENY2
2} 8 A}31 Sus1o] mRNA HF&¢12}¢] Yral @F (3= chul 2l
£ 57 = o], mRNAZARL}L iFEo] e = o] §l8o] drafRlct
(Rodriguez-Navarro et al., 2004). & o) A FE] ARE71R] 2138;
o 7 B o] 9l Susl /ENY2L oF 1007] 2] o)Al
272 o] 01X 11 kDa &= 0] 2h2 3 thif 2 = SAGA &35t
A2} TREX-2 E-314] 9] 3244 Q12Fo| tiKopytova et al., 2010).
HAAF RZ2ZAZ}Q1 SAGA (Spt-Ada-Gen5-Acetyltransferase)
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Halal= AstH o2 BEE AL HZEAX X co-activator)
2 Zola X Saccharomyces cerevisiae| A= 2F 10%2] 52
2} 33 of] 3o FcHBhaumik, 2011). SAGA =200 7j] Tl
A& /4% 2 MDa =7 9] g A-g E3A|(chromatin-
modifying complex) & 3] AE H3 o2 A o] & A(HAT) &
233} 3] A~E H2B 7| |l G4 S-S 71|31 9l o, 47)
9] 71549l & F2 &2 o]l ti(Rodriguez-Navarro, 2009;
Weake and Workman, 2012). &o}& % oA Susl Thzle
Ubp8 (5817151 849, Sef73, Sefl 1 53k 87l Sl 4wl 3
E(DUBm)-S 4314 ¢l.om, DUBm=SAGA E3H4 71 ZAL
O] A2t} A%, mRNA W&ol Tof skt Fatt g2 '@
3ItHRodriguez-Navarro, 2009). TREX-2 E35-4]|(Transcription-
Export complex 2) = ThoFsh o] A Afof] Xgt oz 1
Fo] 9low, Zola Kol A= Sac3, Thpl, Seml, Cdc31, Susl
chul A & 249 lo] 9lckEllisdon ef al., 2012). TREX-2 23}
Az S RFHA} ATelT 9Lon, mRNA HAS} S
Q17 Wyt oLz} DNA BAje} $2712] QP Aol Tl
o] 1t Gonzalez-Aguilera et al., 2008; Bermejo et al., 2011;
Garcia-Oliver ef al., 2012). |29 A4 252 SAGAL}
TREX-29] 2% 74 2 4:¢] SusI/ENY27} &5 mRNA 2] 43
A& 915 mRNA k2] AARE 71 Tl o2k o)
&= chilz] 918 7154 A|AFSHK Galan and Rodriguez-Navarro,
2012). 3, SAGAQ} TREX-29] Susl THal R Zolg 1 9]
GAL A3} o] k] APl 2710 4] Sk 24
7} S 3R GA SH 2 o] E3ho] 91 H|SH *gene-targeting’ @
AYof = oSk Cabal et al., 2006). ©] Blof| &= Sus1-& mRNA
A3} Baflof Hofdl= Al 2] P-body U AEH A 3
(stress granules) ¥} o] l-2-0] &% tHCuenca-Bono
etal., 2010). 0|2} Z+o] Susl / ENY2:= s} 4| Z 8 o] 4] 718}
&= mRNA thAke] o g 1} of 53k o eh-S Jdsict. of
A9k A A of] whet - A o] SR FA A A 2 of| Zfo)
Zo] A7) wiizel, Susl / ENY29] 529} 7] 2421 715
o] Xg}x o & 2\ zr o] Qlrjehie AT Ao ket 2fo] H =
EAEE A E Eof, AT ELA O AL Sl AR
TREX-29h= th2 A 559 TREX-2+= AL dofdt %
22004 mRNPE 5 53HA| 2 o] 5A| 7] = &S SHthJani
etal., 2012).

2 Aol A= Sota et 3 S A mdl Al &
A A X Schizosaccharomyces pombe©|| 4| Susl / ENY2 2} -G-A}
3 o} 245 A (ortholog) 7+ A% 2 mRNAWZo]] Tofah=x)
TREX2 E3tA4)| 9] o} A 2253 A5 4T sh=A], 12
a1 o] Tl o) A2 f 917] 55 2AFSFRITE WA S. pombe

&3t el Al As3d AllE

%14 database?l Pombase (www.pombase.org)©]| 4] Susl /
ENY2&} FAlSE chalalS: 15 oleh= 54121 SPBC6B1.12¢
= 20tk o] A= JIEEC] 17]] Qlem, 1087) ofm] At
Z7] 2 o] o) 7l ol #AF 12.31 kDa, 5315 0] pH 4.45¢1
o} 2h2 7] 9] T E S of T otskar Qlrk & Aol A=
o] ol 7| HE A O] F-A5HA] Wt vl F WS AR
3} th(Moreno, 1991; Alfa et al., 1993). ura4’ A H-G AR =
218k Asus 1 AAEAHO] F75 TH57] $I8lAl, double-joint
PCR " © &2 DNA A H-S AIAgE 5 o]ufj 4] oF5=¢1 SP286
(W1 N leul-32 / leul-32 urad-d18 | ura4-d18 ade6-210 /
ade6-216)°] &2 A E8]= one-step gene disruption Y-S
AHE-SFAITE ARG Fol Al oluiA| Y] F susl FHX}S
% skt 245 25 PCRE gelsto] sl ch(Fig. 1A).
o[ FA| A2 SP286(susl”/ Asusl) w5l A /45 4] o] el
P WA O] AR ZARE @ of 4 A (tetrad) R4S 3
SHATE. Asusl:curad” AAEAHOIE 717 BEA| AP A}

= BE GAH 22U S AR susl & ARl 247

(A) Chromosome II

susl”
—_—

ura4® or kan’

Asusl —| I

Poly(A)* DAPI
RNA (DNA) RNA (DNA)

Poly(A)" DAPI

Fig. 1. Deletion of S. pombe susl caused the cold-sensitive defects of
growth and mRNA export. (A) A schematic representing the sus/ deletion
allele in S. pombe. The entire sus! ORF region was replaced by kan" or
ura4* genes by one-step gene disruption method. The sus! (SPBC6B1.12¢)
open reading frame (ORF) is shown by an open box and one intron is
denoted by vertical line in the open box. The direction of transcription is
indicated by arrow above the ORF. (B) Growth of haploid wild-type sus!™
(WT) cells and sus!:: kan" deletion mutant cells were monitored by spot
assay on YES medium. Cells were incubated for 5 days at 22°C and 3 days
at 29°C and 37°C, respectively. (C) Cells were grown to the mid-log phase
at 22°C. The localization of poly(A)" RNA was assessed by in situ
hybridization with oligo (dT) probe. Coincident DAPI staining is shown in
the right panels.
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OIX] 0O OIS TH AR H|A|A]). ZOFFHS. cerevisiae 2]
usl AAEAB0]1=23°C2}30°C (X2 L5)of| 4] ok7F

EVH A% %}X]U 37°CojA= &-wl7HA(temperature-sensitive,
ts) 8-S X 2t (Rodriguez-Navarro et al., 2004). 3121k
H %EE S. pombe—J Asus] AAEAHo| = FFHL2=(30°C)
9 A1.2(37°C)ol| Al A2 N WSS Bl Hh, 28] 3 &
© 0 T(22°0) ol A= AL 7 FAE] L A= A e wz}
A(cold-sensitive, cs) T F-S 1 A cH(Fig. 1B). AH-[FHAA=
kan' 2 A3k UhaA] 22201 AY217 (i leul-32 urad-d18)

oA A B Asusi:: kan” BAEAMO| e L2 YFS 1
Ak

susl SFRAR7} 2] 22 e of A2 e of| A = A el A5 o
F& WA A Fohal @A) A 2-RIHd S Ho| B, F9
A A A ZmRNA L] WEoll= FFE F=AE Yot 7] 9
3 A3Z 2] poly(A)" RNAL] EZE fluorescence in situ
hybridization (FISH)-Z 53] <ol kTt FISH= oA =&

of] AGFGH S AFE-3FA tHYoon et al., 2000). &4 3} EF2]
0 2=3" T a-digoxygenin®| Zg}HE oligo-(dT)sp2 A3}
6., FITC-antidigoxygenin Fab 3}#|(Roche)& A&-3}4]
poly(A) &} &35} oligo-(dT)se S @A m| oA Tzs
%Atk Figure 1ColA] HEz0] O (WT) #5201 41+= poly(A)”
RNA7Z} A4 © & AJ3z Aol AL FdsHA| 2231t Asus!
AAEdRol e 4w ol A= A4 2 poly(A) RNA &
S HAAE W& 2o A= 3 qhof oF7 v &2 & of Q)
Aol W= AIthFig. 10). 0|9} 22 Ail= EEa Ko
Sus1-2 A7 mRNA W&o D2 o] 2= AT, #]2-0f
A= AR mRNA ol Hasiths A& ofnjgick
Susl Eha1 0] 20|l A0 A4 2l AATHmRN
2 7] ujol, el Susl Bl o] S Ak
58 APl Y S BT WA ! AT
(ORF)YHE 73 Eigt oS mme] 35 HLE|o] o] A(Maundrell,
1993), Sus1 €] 7M7) Elofle] o3} 4= 3X-Sus] ]
£ Aeoick 3X-Susl W] & 0Py B9 AY2170]
sl ol AZHE FEAWT/3X-Sus)= F407
ol A U Bz susI” 3312} o] 2of| EJojrlo] gli= uiz] ol A
L3X-Susl HE]ZHE] Suslo] A ¢ wo] W=} 314
b Susl SRR I g T ek AYRFo]| o} oJFFo] §)

o1, poly(A) RNAS] 32 FAfo|| A Iz op g et 2
2ol & WS 4= YATHALR H]AA)).

SO 2 Susl T A o] Al ) Y% 5 dobi 7] 95t

o]-&-5F3itt. o] & #18l
GFP G-HAAE Susl ORFQ] 3> Ztol -2l Susl-gfp. kan”

~ il

r?'L’

9.

GFP (Green Fluorescence Protein)&

DNA A#H-& DJ-PCR Z A&} Susl -84 x}Q]of 4195}
Sus1-GFP thil o] Wral e| = & slict. o LA A2k 2=
L PCR¥} DNA g7|A g B8 53| Sus! -SAA7} Susi-
= Xlﬂ% A& ZRlsklet o] wt=of| 4] Sus1-GFP 2] A2

PG H o= WS A3, Aol A= oFk
ERjel A chsa ol A P ek, Tt 9ol s
A BEa A ok, ot 2Ao] BYFe) = B o Wol 2
SR Qe o] QLA
ooleh(Fig. 2)

Susl/ENYZt TREX-2/AMEXQ] FtA01zlo| B2, B g
19] Susl &= TREX-29] A QIR Z A3l =X]|& ¢lo}H 7]
213l yeast two-hybrid 412 3} ). 0] & 9J3l TREX-2 143
QIRFE9] S. pombe ©|FAE A2l Sac3, Pci2, Dssl, Cdc3 138
kol TREX 143 @1#}F21 Hprl, Tho2, Mftl, Thoc5, Tex1
2 mRNA H&212}9] Uap56, Mlo3, Mex675 212} lexA 215
Z}2] DNA 2% 9 9(BD)S 714 pTLexA4 B €2} GAL4 &
A3} JA(AD)2 71 pGAD424 HIE|(Clontech Laboratories,
Inc.)ol] S 2¢3}HL, DNA f714E 245 53l =Yl A
2 = 35 SRISHITE o] ZA Al Wl e 53 th =<l
W] WE| & 140 o5~ (MATa his34200 trp1-901 leu2-3112 ade2
LYS: :4lexAop-HIS3 URA3::8lexAop-LacZ GAL4)o| @A A%}
Shleh WA pGAD424H E] O] GAL4 &g 3} o ot 535
Susl (AD-Sus1)o] E2 23w 2] E] 9l His3 QA=
WA 7| 2] 5= AL 5H013)7] 98, AD-Sus1 T DNA 2
3+ 9912 717 ¥l pTLexAd HE|(BD-X)2 3] 94 A 3ks}
Atk 7]Hgh ukel Zro] AD-Sus1 3} BD-X& §7 7H¢ & &
SHA| ol A= His3 -7 A7 F - =] 2] 94 THTable 1). Table 1
of Aejst v} o], AD-Susl ¥} BD-Sac3, BD-Dss1, BD-
Mft1, BD-Tex12] Z3}o] Z+7} His3 9-7 212 ukal A 7k 5}
A9 pTLexA4 W E] o] 22 % BD-Dss1 ¥} BD-Mftl & &=
His3 SARE AdAZA 4= 9l ou =2 AD-Susl I+ BD-Dssl

Sus1-GFP

Fig. 2. Localization of Sus1 protein fused to GFP. Sus1 was tagged with
GFP at its carboxy-terminal (Sus1-GFP). The sus/-gfp fusion gene was
integrated into the sus/ locus, and the localization of the fusion protein
was shown. Green fluorescent image (GFP) and coincident differential
interference contrast image (DIC) are shown. And the merged image of
both is also presented in the right panel.
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sl 71231 AD-Susl ¥} BD-Mftl Z38to)| A 2] His3 -3}
Fe-2 Susl THa 2 o] Thall 2 5 0] A4} 2k-8-of| o] 3] LFERS
2 3 A517] ol itk vt 2t A E o) 4 BD-Sac3
I Tex1 &= &2 232 GRS HEHA|ZL = ¢lon =2 two-
hybrid A% Z 3= Sus1 3} Sac3, Tex1 T A xfo]of 22k &
243l Jzargo] 952 ofulgitt. o]g AukE g T
H1s}7] flall, $o] At vhe) 2 pTLexA4 W E] ] DNA 2
3L o Hof 3% Susl (BD-Susl)Z} pGAD424 HlE]o]| 22

Z3F2 & two-hybrid 2415 S}a1A} 619 O, S/ &

] BD-Sus1 3} ¥l WE] o] AD-XS- 7172 & A A ShHA =

e BN

T Mool
BN
o

FrO 2, M EJIA| O] 3 Q% 22 basketo]] A oh=
Ao g2 A HJani ef al., 2009). 1HEZ B[ HojA
two-hybrid 23] © 2 1 Q] Sus1 3} Sac3 2| AF S 28 Ait= =
obEm o] T Ao} A Geh 1, Susl I TREX] T4
QlAFeITex] ko] 452142 2| FE] 4 17e] a8 oFalA
SEshgo, oleigtAks g0l 444 elA] ohwl 7 A

M= & = AT EZL Susl two-hybrid 24 0f| A

1, o] 1 o] gl A o] 2] e 2 His3
o AR5 0.2 AN BB Ao

Table 1. Yeast two-hybrid analysis

AD- BD- HisS. AD- BD- His3'
expression expression

Susl X - X Susl +

Susl Sac3 + X Sac3

Susl Pci2 - X Dssl

Susl Dssl + X Mftl

Susl Cdc31 - X Texl -

Susl Hprl -

Susl Tho2 -

Susl Mttl +

Susl Thoc5 -

Susl Texl +

Susl Uap56 -

Susl Mlo3 -

Susl Mex67 -

*X indicates the empty vector.

&3t el Al As3d AllE

F250], % o 177} A Eolof 3 AR A7t
Sus13} Sac3 9] e A & B ERIs}7| $15l, TAP (Tandem
Affinity Purification)-& AM-§-5}o(Puig et al., 2001) 3534
(co-immunopreciptation, Co-1P) 23S =35}t 0|5 ¢
8 TREX-29] 28 5148491 sac3 ORFO] 3> Weho]] TAP
tag2 E-¢1 sac3-tap::kan” DNA BHE A28t 3 sac3™ -7
A 912 ofl AF15le] Sac3-Tap w75 A 4F5HATHGould et
al.,2004). TAP tago]]+= Protein A2} CBP (Calmodulin binding
peptide)o] 142 0 2 ZA|3FcH(Rigaut ef al., 1999). S+
Sus] THulal o] N* whdolli= HA tagS £o]7] 93] pSLF273
HE o Sus] FHAAE 243} ) (Forsburg and Sherman,
1997). AJ&+E 322} pHA-Sus1 HE][=DNA @714 Q £A41S
B3 o]4fo] 2-S Shelslick o1 AHEl pHA-Susl 4]
E]= Sac3-Tap w5+ 18] 1 Sac3-Tap thif Zlo] Wha ¥ %] oko
2t w5(Sac3)oll 22 2 [ gkt FAHEA 2 HE
AL A3 2EEL AMES)o] Sac3 TS [gG-Sepharose
beads 2 Z&5}% ) HA-TH A o] 28] ¥ Sac3-Tap A
3} Zro] A E]=%] 9] o] Z western blotting © & EAFFO.
EM, Susl ¥} Sac3 Thl A Fo] A2 Ee]¥ 08 58-S
=] 2 oFolH ghtt tf 2ol Sac3-Tap thi A o] BHE &)
A oFo B 2 HA-tagged Sus1 T} 2.2 YAl © 2 uhd 2] 9]
A9t IgG-Sepharose beads 2 Z 3] %)X ¢FQITHFig. 3, lanes
4-6). B, Sac3-Tap thuldo] IgG beadso] ZIE A2,
HA-Sus1 & 70| 23] ]9 tKFig. 3, lanes 1-3). 0|23t 271
L2 B F 19| Susl Tl A o] Sac3 tHl Al v} 7)51A| Aglsl=
AL Bojzn, B F wojA] Susl @] o] EAFEA| = TREX-2

Sac3-TAP Sac3
8 a2 v0f B o

=
S 2 35 B & B

L1 Elute

HA-Sus] [SSasa ] [ =
1 2 3 4 5 6

Sac3-TAP [+ s

Fig. 3. Association of susI with Sac3 in S. pombe extracts. The Sac3-TAP
and Sac3 (control) cells were transformed with HA-Susl plasmid. The
TAP tag consists of two IgG binding domains of S. aureus protein A (Prot
A) and a calmodulin binding peptide (CBP) separated by a TEV protease
cleavage site. Input whole cell extracts were prepared from strains
expressing Sac3-Tap or Sac3 only. Tap or Sac3-Tap associated proteins
were captured on IgG-Sepharose beads and separated on SDS-PAGE,
transferred onto PVDF membrane and detected by Western blot using
antibodies against HA or protein A. Input whole cell extracts (WCE),
supernatants (Sup), and eluents from IgG bead (IgG Elute) are shown as
indicated.
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o AR mRNA W&ol ol gieh AL At 5
A ZOFR LS. cerevisiae = ThEA| EE A LS. pombe©]|
M= Asusl BAF A7} Lo A -1 (ts) BEF
= HolA| gy Rt otyzh 2 F 2ol A AT mRNA B
o] 3421 12 5 A0 Sust & o] Hol ) 9182

R

i

° ﬁEh AukA o2 A 2(22°C)o| 4] #] &2 %=(30°C),
Q) 2%(37°C) 714 bulk mRNA 9] 327} ¥
7—:‘1 Z271(42°C) 0| A= = S Ake] A

oA =]o] 3 kel poly(A)” RNA7P 54 Eet. o] 23t 2419
A 4 52 Tl A(heat shock protein, HSP)-& &3 3)6)=
A O] AL} HSPmRNA 2] W22 A e 2] 0 2 o] 20|
=4, o] I} of|=mRNA export 212}21 Gle2, Npl3, 343l
219l Nup42 50| Bojdl= Ao 2 A Qlthkrebber et al.,
1999). ]9} -2 FAF2 & Z2 thill A (heat shock protein) Tt
W R 1% A 93t i H B o] Thul 2] FHA)
ol 2s0] k2 4 olE S e,
IS ofolol 4 % 15 TREX-2, SAGA B = &
AR R 5 AT Ak vl chebet 3] ofaicl,
Z0la WS, cerevisiae 2] Susl-S AT B 2= AT mRNA
o] vho] Wpo] 4 ARk o= HE ATHE W1, Sl
LLGPC)AE Azt A Rl o w7 BE T
< ® It (Rodriguez-Navarro et al., 2004). L&Y S. pombe
NA= Suso] AAEH 31237} 222 Lol A= A7 mRNA
o) Wi=o] Aol aL Aol A Ak Kol k8-S Helrk
ol 213t 2fo]2] o] fi= 2}5] o 4= LAJuE, Sus] (E=Susl o]
T3/ C 2 EA5H= TREX2, SAGA E3A|)o] 7 A5
A 77 A8 B TeoA] S0 T A S ksl 5
% §2k9] HAL L mRNAS] W] o] a7, Susl o]
%O H TREX2 T= SAGA £ 9] 7]%50] A1} 1129
A2 AP A A I, ol st o))
5.2 75 0 2 9 ABHA| R, B & 9} Zo}a o A] 2ol
Lhef 4 5 Aol 988 A 2o
2.5 pombe®) Sus1 9] 753} T4 R AEE Aoz AE A
a4 3] 2 2l 2] 3 5 So| 4] TREX-22} SAGA
A1) e ol shakt] o] | A0 2 Ak

™ o
o

Susl/ENY2& 3o 2 HE g 22t a2 ¢l

A 2 5] 7 mRNA A/ 21 of] hofghet. Susl ohaf a2
AL B 22HdA] SAGA E3tA|¢t 333t 13 TREX2
EHA 5, Aol 2A = 27l EA| o] 4] gavolth £
FA] lolE ol 4] Susl
9] o] TS AIE 2ot 7] 5= B4 83T 454 &4 A3 o]
TR Aol BA o] oby Yo, Susl AR 7“”\]
7] W2 2ol A AAfo] gl o, poly(A) RNAE &)
ot S = 2B S Hoﬂt} %3} Sus1-GFP thl 2
ZF&2 dHof| 25} Th Yeast two-hybrid £A41 7} F5HA 2]
A Ao A Susl Thl A2 TREX-2 E-3H4] 9] IE T2 314191
A1¢1 Sac3 2} 5 28-S 513t o9 & AI=2-S. pombe
9] Susl T A = A TREX-2 E314]| 9] 414 Q1A= mRNA
Eof Tolstar Q3= AlAkeieh

A X Schizosaccharomyces pombe2)

(

é

8
N

Ljel 2

0] :=E.2 2015 &= Al oj ol shal sh LR AIH] A9
of oJste] A= U=
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