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Effects of fission yeast ortholog of THOC5 on growth and mRNA
export in fission yeast
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ABSTRACT: THO/TREX complex plays an important role in transcriptional elongation, mRNA processing, nuclear RNA export, and
genome stability. A fission yeast, Schizosaccharomyces pombe, SPBC577.04 gene encoding the ortholog of THOCS, a component of
THO/TREX complex, was identified and characterized. The S. pombe thoc5spthocd is not essential for both growth and mRNA export,
but deletion of the spthoch gene caused growth defect and slight accumulation of poly(A]" RNA in the nucleus. And the functional
spThoc5-GFP protein is localized mainly in the nucleus. Co-immunoprecipitation analysis showed that the Hpr1(THOC1) protein, an
evolutionally well-conserved component of THO/TREX complex, interacted with spThocb as well as Tho2(THOC2), another subunit of THO
complex. These results suggest that S. pombe Thoc5 as a component of THO/TREX complex is also involved in mRNA export from the

nucleus.
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230 3l Qtofl A U ojuk= Z Al(transcription) 772
pre-mRNA 9] 715, 4443 mRNP (messenger ribonucleo-
particle) 2] 3Z%K(packaging) 2! A3z 2 & o] vl= 531} 71U s}
Al AAE]o] - o]of T2 FAA HRHLY 27 HAE
& AR 59 RNA S8 4:010] A5 2H-8-5 5 pre-
MRNA R §747H P& phol i vhal ) B S ol
o|ZojXH, Z} A &2 A =2 2 Tt Perales and Bentley,
2009; Stewart, 2010). Z0}8 X Q] Saccharomyces cerevisiae
of| A] ZIARS] Al of| Tofsh= BIA| R A2 Ll THO
=RNA FEaEAL N 71 2 AT9] Q1 Rbpl 9] Q14HS}HE C-
ek o oy(CTD)3} 47 Agkeko 2 AN} B
A} He]of| o = Chavez et al., 2000; Meinel et al., 2013).
THO E3HA|1E S22/ 71H AR A4 71 A 7=,
GIC7HB7AL AT W A o] gz 1] HAE 53] 7
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43K Li et al., 2005; Voynov et al., 2006). T3 THO &1
o)z A ) BUHALS op7lsto] 23 W7} F7tohe
& ¥ (hyper-recombination)-2- X Q1TH Aguillera, 2002; Jimeno
et al., 2002; Dominguez-Sanchez et al., 2011). | A2 THO &
Aol ool A7IH HAE RNAZL 23 DNASE A
DNA:RNA Z4JA|¢] R-loop7} 2] =] 1L, o] = QI8 A 23k
Al 7]Zro] &/d 5t 7] wfjFolth(Huertas and Aguilera, 2003;
Stirling et al., 2012). 310, THO E-3}4)| = mRNA =-&0]) 34-o]
3l=mRNA-Z3g} thill 21 591 Sub2 (DEAD box RNA helicase),
Yral (mRNA H&21%}21 Mex67 2] adaptor), 18] 3 SR--G-A}
cha o] Gbp2, Hrbl 53} 2 glsle] TREX (¢ranscription and
export)2t E8&= EA|E FAJ3IcK(Strasser et al., 2002;
Zenklusen et al., 2002; Hurt ef al., 2004). TREX= AAFA
&<t pre-mRNA = o] F-51o] Aetsh=tl|, AHE mRNAZ} 2]
A3 mRNPE 5t Thofahs 510 2 of A7 ChAbruzzi
etal.,2004). mRNA o] 233 TREXE 42 QI mRNA H&
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-HEA|(export receptor) Q] Mex675 EH|EU S ZH A<t

mRNA 2] & oj| A A|Z 2] 2 o] Hl-Zof o] GHl(Strasser et al.,
2002; Zenklusen ef al., 2002). ©] @]o]| &=, TREX = AZ2}o] 4]
AR 4ol o Sh= Prp19 531 4| 4= A 95} (Chanarat
etal.,2011), Pcfl111} A S 222 £ mRNA S| 3° Uk
of| &= o SFeHRougemaille et al., 2008; Johnson et al., 2011).
0]¢} ZFo] THO/TREX E3H4|= AAF A1 mRNA A< 1
W= ot AAsEaL 22 SFgRo =, Al sz ol A 'l d 4=
U= 5T mRNP A o vl F- 2 3 -2 Hdsiar ek
(Luna et al., 2012).

?1et - THO EA|&] )50l thet A7t A5 w4
ZOlB MRS cerevisiae A A FE AFE| QAT THO= 4
23} 017hS TaFat TSR o] X 5}A 0 7 2 BEE|o] 9
o} 35489 THO/TREX E3HA| = Zola e} nphrt|
2 mRNA A 14 1} vh-Zof| o] §kch(Katahira et al., 2009;
Guriaet al.,2011). A7 THO/TREX &34 7} mRNAof| 2
o WhAlollz 2ol 7} 2lek. 2 314 Fol mRNAC] 23
k= Eotael= thEA, AFFe] THO/TREX H3tA=
mRNA 7153244 Q1 #4437 (splicing) 2} 5°- 1A} %/ (capping)
AL 3 mRNAQ] 5° Wt Zof AglstciMasuda et al.,
2005; Cheng et al., 2006). T3t 1A Q1A}o]| = 2jo] - o] ZX
sHot], 20} 2.9 THO E-313] = Tho2 (184 kDa), Hprl (88
kDa), Tex1 (47 kDa), Mft1 (45 kDa), Thp2 (33 kDa) 5] 57}
AT R LA T o] 9l+=vlH(Chavez ef al., 2000; Pefia et al.,
2012), a15AYE o= THOCI, THOC2, THOC3, THOCS,
THOC6, THOC7 £29] & 671129 a2 A= o] At
(Rehwinkel et al., 2004; Masuda et al., 2005). =, Hprl (35

& Ho] A= THOCI), Tho2 (THOC2)@} Tex1 (THOC3)w}
T ] XAl & B2 R o] Q1AL Mftl 2} Thp2 =
Zolg o E0]Z 0|31 THOCS5, THOC6, THOCT7 5& 1%
A Eo HolA oz A3t &
pombe?] 71 4| database Q] Pombase (www.pombase.org) ]|
A THO E3H412] 74 QA o]F/d-5A|(ortholog) 5 =
Sh RS ol SHT] S pombeoliz A18HH 0 2 2 1

= Hprl (THOC 1), Tho2 (THOC?), Tex1 (THOC3) 942}
= ZR5}H a1, 1 2]ofl SPCC24B10.11¢, SPBC577.04 §-4
247} 25T} SPCC24B10.11c ol 1 o] Mftl Kot
= AbL A7, 2949 9] THOCTH o f-AFSHIEH(Koh and
Yoon, 2014). & Aol A= THO E3tA)| o] G4 1Ak = o] &
%]+= open reading frame (ORF)<Q] SPBC577.04 9] t 3} o}
H9Fr}. o] ORFi= QI E o] 17 9101, 2007 oFu]=AHaa)
O 2 o] Fof Al ol 4 A} 23.5 kDa, 543 0] pH 9.29¢1 T

l‘iﬂ

& A X Schizosaccharomyces

rr}xﬁ

&3 el Al Als1d Al4%

948 omaleli olck of FHIE E4E o] THOCS
(683 aa) Ko} 2l ?ﬂiﬂl, ¢ AR -9 WA ek AR B
A o] EAgt). 12|22 THOCS O] a1 o554
(spThoc5 2 FH)E U5 8lsH= 2 0 2 of|&E]+=SPBC577.04
5 xm A 2 mRNAH % off #osh=A], Al Y ojrf
0] T2 THO AL ASTH A
4% 051-‘?—% Po}‘m‘% = A= oA 7= H &
Ao f5HA Wi o} vl oF WS AR8-5F3Ith(Moreno
etal.,, 1991; Alfa et al., 1993). A one-step gene disruption B
WS AH510] Agprhocs ANEA0] 355 A3tk
AHS AR yrad' S AHRE10] AspthocS::ura4’ DNA A3
£ double-joint PCR H'H © 2 A|2F5t &, uh=4) o & 3
A AY217 (W leul-32 urad4-d18)ol FAAZS}A T L-eHilo]
H2 EMM | 2xef 2] ol A Ahehs A S 55 42 —Tf— o]
% Aspthocs AHEARC|E AHsH7] Qlalf FAHEA
DNAE $55}0] PCRE 35k3ith taat o2 ARGRE of
ARl ol A= 2.4 kb2 DNA7F F-F 5= Zlof| Blsf 3.5
kb2] DNA7} S-& 5= A4S A0S AHeIY o, urad’
o ZA5h Tefo|ule} sprhocs G AR 5% B3 3
2Yo] o2 717} AL 5}0] o BO A = PR AE S 4] o
A=W o] o A= 7k7F0.8 kb9} 0.9 kb DNA T} 22
A= gHRIskATH(Fig. 1A). o FA| WA Aspthocs 2
g A& spthocs $AA7} AR BeeHo]
otk AL on|Ftc). S. pombe THO E-gH4| 0] 24 @ 4
F BH 02 2 BEL hprl, tho? SAANE Ao WA
o] A 4K Lee and Yoon, 2012; Koh and Yoon, 2015), &ola X
R} 15 E o AVt spthoc7 X F spthocs+—= B4 0]
] ¢FQFtH(Koh and Yoon, 2014). o]2]st A1}= BH G W o
A THO 234|2] WE 74 8 A50] shbe] 2k s 344F
Fdgt 7]50] BolalA] ek, AR 217Fe) 15 )%
o] £A|THS AT,
FH Zola W S cerevisiae2] THO E3HA| 9] LA AE
2| A Lol A= A o] o} RS u] 2] R

100

&

LN
Nl

¢
¢

ol
X

A gk 2 2 Eof| A= -2 =1 7 (temperature-sensitivity)
oltt. a8 B R thofst 2ol A Aspthocs AAEAH
0]2] AL spot assay = BHlalATh Tl 22l oFHE(WT)
of| B3] Aspthocs BAEdAHol= S5 B E 25(22, 28,
34°C)o| A = A &= 2 ¥ g rhFig. 1B). 0|83t At
S. cerevisiae®] THOE A o= t}2 A EE a1 9] sprthocs
= Aol Aol A= AT HE 2oflA] Al A
ol asith= A vttt

£ spThocs B 0] mRNA ] sloll ] Al ze] 1}

to &2 rlo
K

b
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Fig. 1. 8. pombe thoc5 (spthoc5) is not essential for growth and mRNA
export. (A) A schematic diagram represents the wild-type spthoc5 allele
and the Aspthoc5 deletion allele in S. pombe. The entire spthoc5 (SPBC
577.04) ORF region was replaced by the marker gene, ura4', using
one-step gene disruption method. The spthoc5 ORF is shown by an open
box and one intron is represented by vertical thick line in the open box. The
arrow under the ORF indicates the direction of transcription. The arrow-
heads mark the positions of PCR primers for confirmation of wild type and
deletion allele. The size of PCR products is denoted under or above the
arrows. (B) Aspthoc5 null mutant cells showed the growth defects. Wild
type spthoc5™ (WT) cells and Aspthoc5 null mutant cells were monitored
by spot assay. Cells were serially diluted and spotted on YES plates, and
incubated for 5 days at 22°C, 3 days at 28°C, and 2 days at 34°C,
respectively. (C) Aspthoc5 null mutant cells showed the defect of mRNA
export. Cells were grown to the mid-log phase in appropriately supple-
mented EMM medium at 28°C. Oligo-(dT)so carrying an a-digoxygenin at
the 3’ end was used as the hybridization probe. FITC-anti-digoxygenin Fab
antibody was used for detecting the hybridization probe by fluorescence
microscopy. The DNA was coincidentally stained with 4,6-diamidino-2-
phenylindole (DAPI) and shown in the right panels.

20| To{sH=X] Lo}H 114} fluorescence in situ hybridization
(FISH) 92 A}8-5}%1tH Yoon ef al., 2000). Fig. 1CoJl 4] 5.
o] A H19] poly(A)' RNA 9] £ = o g 5ol A= 4
Aoz AE AAel Ao FAshA RIS v, A
spthoc5 ZAAEH 0] 30 A= 8 ko] poly(A)" RNAZ}
OF Y SA E= Ao T QI o] Y3t A= FE AR
THOCS 54| %= 4422 bulk mRNA 9] W= € a8}t
02 ofulate). ol §A sprhocs A7} A 8EW A
mRNA 2&of 23RS Ho| =22 vt 2 3PEHe(over-expression)
= Aol xR G nA=AE okt A
23t oFYE nmtl L2 REE 0]-8-510 spThoes Tl o] 4

spThoc5-GFP DIC

Fig. 2. Localization of spThoc5 protein fused to GFP. spThoc5 was tagged
with GFP at its carboxyl-terminus (spThoc5-GFP). The spthoc5-gfp fusion
was integrated at the spthoc5 locus, and the localization of the fusion
protein was determined. Cells were grown in appropriately supplemented
EMM medium at 28°C. Green fluorescent image (GFP) and coincident
differential interference contrast image (DIC), and the merged image of
both are shown.

ARk G go] I = 5 ARSI sHANL,
spthocs A2 7} Ipdrd wj e ehie A7) opited ko] §
o, FISHE § poly(A) RNAS] FE % /=] 0] gl
(RF= B AAD.

spThocS THl & o] A| 32 W 9% 5 ol 7] 915ke] GFP -
HAFZ spthoc52] ORF] 3> Wito]| £l spthoc5-gfp: -kan”
DNA A5 A|2FeE 5 o3 WhpA| o =Q1 AY2170f 34
Agksto] spthocs G7AAL 9120 AFQlshdeh o] FA A2t
5= A7} poly(A) RNA H-37} ol e #50} 7 2] 2}o]
7+ &7 wi<zoll spThocS-GFP g3t 2 o] /44121 752
Sh= A 0= o AR} &= Bl A|A)). o] w#F=0f| 4] spThocS-GFP
O Ml f IR & FEEnE o r TERE A}, Al o)A
= OFZE ZASFRAAI T Tt 3 Qbof| A EaFE| Sl cKFig. 2).
o]t A= 3 ¢tof Al &S dl= THO/TREX £ &
1331 spThoc57F THO/TREX E&HA)| & A @ Adh= 7}
RIS S g

ZotA W O THOC5 9] 547} & Qhol] 2 EA8kaL
Al AT mRNA W&o Hojstig, dAR tE
THO/TREX 4 24:0F AT A% sh=Al5 dold7] f5
TAP (Tandem Affinity Purification) %5H-2 AR5} tH(Puig
et al., 2001). 0] 9] %8 THO/TREX -4 8291 sphpri
ORF 2] 3>2tho] TAP tag2 291 sphpri-tap::kan” DNA HH
2 ARG, sphpr] A 910l 4HJ5te] spHprl Tap 7
FE A28 tHGould ef al., 2004). TAP tagol]+= Protein A
2} CBP (Calmodulin binding peptide) tag®] &1<4:% 0 2 2|
gt Rigaut et al., 1999). 3+#H spThoc5E E§Fste] THO/
TREX A 84 & 42l spTho2 2} spThoc7 Tl 21 ] N” 2+
tholli= HA tag2 =°17] $J8fl pSLF273 ®Efof 2} f-314}9
ORFE 223} tHForsburg and Sherman, 1997). A|Z+%l

#79} WEI 52 DNA 97149 242 Fof ol o] 9123

rO

=2 d
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Fig. 3. Association of spThoc5 with spHprl in S. pombe extracts. The
spHrpl-Tap and Tap (control) cells were transformed with HA-spTho2,
HA-spThoc5, and HA-spThoc7 plasmids, respectively. The TAP tag
consists of two IgG binding domains of S. aureus protein A (ProtA) and a
calmodulin binding peptide (CBP) separated by a TEV protease cleavage
site. Input extracts from strains expressing spHrp1-Tap fusion (lane 1) or
Tap (lane 4) are denoted. Tap or spHprl-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.

grolslitt. o2 A goly S-S spHprl-Tap o5 12
zos Aes spHprl -Tap ThlZo] UHa 5| %] ko
F(Tap)l] 217 FAABS AT} BAHBARRE &

A3 FE 52 ARE-S1o] spHprl-Tap ©Thil 2 EIgG-Sepharose
beads® Z ISt X3 E spHprl-Tap T2y} Askst
HA-TH 218 Western blotting © 2 -F_#/S} 3o 2 x|, Z+7kol o
wlA5o] A2 el 0R HE g ox S Sohrste.
tf2toll+= spHprl-Tap @i o] WA= 2] gkon 2 HA-
tagged TS ALK o g dlH | QA 9k o] = thalE]
IgG-Sepharose beads 2 33 & ] ¢FQFTH(Fig. 3, lanes 4-6). Wt
H, spHprl-Tap T2 o] IgG beadsol| EZ&¥ ¢, HA-
spThoc7+= o] EZIFR|= AQFX|HF HA-spTho22} HA-
spThoc5+= o] SZ31 =] Qtk(Fig. 3, lanes 1-3). &38| HA-spThoc5
thill o] HA-spTho2 H.t} o wo] Z3)E| Q) o] ATELS
2 a1 0] spThocs THM A& spHprl T 2 3} 73614 A%t

M :

Bt AL oju|git), oFAl B E A58 23151 spThocs
L B g wo A% THO/TREX 2314| ] 14 @ 22 A A%
7} mRNA W&ol #ofdtth= 28 H ol

M e

&3 el Al Als1d Al4%

Schizosaccharomyces pombe©|| Al THO/TREX &34 9] 31 -
Q221 THOC59] o|FA=4S ¢t353lslal 9= SPBC
577.04 SAAE Zof, 1A 9] 7552 B3} th S. pombe

thoc5 (spthoc5) +7AA = AJAFT mRNA 9] Hr&of T2 o]
)= okl Al S H o) oA E o] v g AR AsHS B
%3 poly(A)' RNAE &) 0}01] OF7F Z2A = FAS B YT
ESE AJAFA Q] el 2] 0 = E )
gt +XH6}°ﬂu}. Co-1mmun0prec1p1tat10n B4 #3HA

o2 2 RZHTHO/TREX £3H4 2] 28 T4 ¢1xkol Hprl
(THOC1)= IE Th2 514017191 Tho2 (THOC2) Bt o] 2}
spThoc59t e A5 2H8-2 519tk o9} -2 Ai5-2- 5. pombe
] Thoc5 A5 %= THO/TREX 2814 ] 14 0142 mRNA
&l Tolahal 93-S AARRY

Ujel 2

o] =E-22013 3 & Al o gt She At/ H] Al
of &fste] A U=
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