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Protein Kinase A Increases DNA-Binding Activity of
Testis-Brain RNA-Binding Protein
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Testis brain RNA-binding protein (TB-RBP) is a DNA/RNA binding protein. TB-RBP is mainly expressed in testis
and brain and highly conserved protein with several functions, including chromosomal translocations, DNA repatr,
mitotic cell division, and mRNA transport, stabilization, and storage. In our previous study, we identified TB-RBP as an
interacting partner for the catalytic subunit (Ce) of protein kinase A (PKA) and verified their interaction with several

~ biochemical analyses. Here, we confirmed interaction between Ca. and TB-RBP in mammalian cells and determined the
- effect of Ca on the function of TB-RBP. The activation of Cao increased the TB-RBP function as a DNA-binding
protein. These results suggest that the function of TB-RBP can be modulated by PKA and provide insights into the

diverse role of PKA.
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Testis brain RNA-binding protein (TB-RBP)S <1719
translin®] mouse orthologue®] ™, ZfrwollA vl-$- TheF
gt F-9loll A LAHI 53] AL F oA 1 I
o] ¥t} (Kwon and Hecht, 1991, 1993; Han et al., 1995).
TB-RBPT 2287}9] oln|Aito g FAxlo] glom <17t
o] 75 FAA| 2ol EAjeta, AF ] g A 13
of !ix1ab, <17tk A3 el TB-RBPE= 37)9] ofw|iAt
o] A= Zolstt} (Aoki et al, 1997; Wu et al., 1997, 1998).
TB-RBPT 28 kDa®| A3 7FA|™, Nuclear export
signal (NES), leucine zipper F=M|¢1 18] 3 N-Egtol] F 7]
o] basic =91 (Nb2} Cb)S 7HIT}. NESE TB-RBP7}
ol A AE-Z wpA o+ FA 2751, leucine
zipper =HQL, Nb 2 Cb =191 RNA bindingol] &
&lth. TB-RBP— RNAS9} 233 Hole), dloz 95
o DNA%Le] ZAgtel|l #ofster] o] HA o= Nbet Cb
T}l 5 shke] =vQIvte] 8 FE T} (Chennathukuzhi
etal,, 2001).
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TB-RBP+= Al X&A& 75k VA&7 mRNA<}
Agrsto], mRNAY] olF, etAst Ejn HeiAds =
23} (Morales et al., 1998). =3k TB-RBPE 9} A4
of &A= e mRNAS Y, H clementol] A3t
ol A dow, HEA FAFHARE Az A oAM=
protamine 17} 2 2] 31 A-kinase anchoring protein 82 “&-©]
™, % Z A o 4 myelin basic protein, calmodulin kinase I,
18] 3L Tau 5°]t} (Kobayashi et al., 1998; Wu and Hecht,
2000).

TB-RBP= mRNA¥ o2}, DNA9E Zgrisl B
a5 o] 9l o™, lymphoid tumordl] X FAA| 22| break
point junction w3 HTEEFTA AAAMES] recom-
bination hot spot -0l A8t (Wu et al,, 1997, Badge
et al., 2000), DNA =4HA] TB-RBPS] & W] olFo]| w4
5] =715kl DNAS 57 TAT 7hs/do] AA
I} (Kasai etal., 1997).

2 Aol A yeast two hybrid 272]gol 23l TB-

RBPS} AFE ZH8-5h= W29l translin-associated factor X

(TRAX)7} ¥r8 % th TRAXE 33 kDao] EAF S 2
ol A 24 TB-RBPO| o}n|icAl A&7} of-¢- -FASE o}
nwal Ads: A 9lrk TRAXE TB-RBPO] &
Holol GAVEHAl Aot HolAM W IEEs Bolu
ikl 2P og AsAlE e (Chennathukuzhi
et al., 2001). 53| + nuclear localization signal (NLS)
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Protein kinase A (PKA)T tiE4< Uits) &
A A lom, cAMPF A%ste] 1 Ao =HE
(Taylor et al., 2004). PKAT F 7He] =4 AT A R)<}
718 S0 AT A (C)7) heterotetramer T-FE ©|F
3 9lor, cAMP7} Rl A¥sHd, PKAS C= REN-H
o] 714 g AS ksl A7tk PKAE 733}
= R A% A)= Rlo, RIB, Rllo, RIP 59 W =771 <
24 e, C AEAIE Co, CB, Cy, PrXX &

| &
Sk} (Taylor et al, 2004). RI &sfAdo] =a1 Al zs:
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AA, FA, A FUAA FL WL RolH, 4

ANEH| A FA A E3F] =L W8S HLITH (Glantz et al.

1992). Ca®t Cpe oy FZolA W3HE v, Cye
Aaout BE3k= Aoz Buso] §ir} (Uhler et al,

1987).

T B ATAe ol R oA PKAS FHul Aty
Al (Ca)?t TB-RBPS} JE2Hg-3hs Haigk vl it (Ju
and Ghil, 2007). ©| =9 =28 yeast two hybrid A=
2] doll el A wjRe) A e}
He AHEete] o]&9] HEAE=
NN= o9 o8-S A} 4

=
Foll PKAY] BAe] mXE 93 #Asbaxt st

293T A3E+= 10% fetal bovine serum¥} 1% penicillin, 100
pg/ml streptomycin®| ¥3E Dulbecco's modified Eagle's
medium (Hyclone)ol| 4] 377C, 5% CO, &7 0.2 HjsHS
o 2~3¥of IHA HBSS (Hyclone)Z Aojdl &
0.25% trypsin-EDTA £ (Hyclone)S AR&3te] AEE
ujekg7)e] nigo 2Ry A7 o AlduleE a1
T} 293T A|3E2] transfectione WIFE-7] (100 mm)E 1.5
10°711¢] M EE 18~2447F MR - calcium-phosphate
S Al8-3le] AAIEFATE Calcium-phosphate HH &
FFe] TAYEHE 62 ue 2M CaCLot g7 £33t
, S22] 2X HBS (50 mM Hepes pH 7.1, 280 mM NaCl,
5 mM Na2HPO,)E =335t o] DNA 2388 30
b 2ol AAgE & A sEujekeel] E&sie] AR

Transfection$t Thg 40| XF 20l A|3EZE- PBS (10 mM

dob

[—

o

Na,HPO,, 2 mM KILPO,, 137 mM NaCl, 2.7 mM KCD)Z 28]

Holz ¥, xS F4sjel the A% Agsanh
2. Co—immunoprecipitation assay

293T A|¥ol| 10 pgel pcFLAG-TB-RBP9} pcDNA3-Ca
A HAAA 40A13F wiEE F, AEE PBTX &
(1% TritonX-100, 5 mM MgCL, 1 mM EDTA, 12|il &
2 B aiadAA7E 23k PBS)S o] &3t AlEFE
NS =3y o] AXEFEN 10 pl® Protein A-
Sepharose CL-4B beads (10% slurry) (Amersham Biosciences)
Z H7}3lod preclearingS AA|$H & AT RS E 56}
At E59 A=A 1 pg®] preimmune serum (PI), Co
(Santa Cruz Biotechnology) %= FLAG (Sigma)2] &A1&
A7¥sled 37°CoNA] 41t St WAt 2 25
o] beadsE A7}5l] 2A17F F7HRFSE & PBTX 84
S o] &3} beadsE T8t} Beadsoll SDS loading
dyeE 3715t SDS-PAGEE A Al5}aL, PVDF membrane
of ehlaS 27 ¥ FLAG & Co AE AHE-3SHS

Western -41-8- A A5} TH

A P = LA

3. Electrophoretic mobility shift assay (EMSA)

293T A} ¥ pcFLAG-TB-RBP % pcDNA3-Co®] &
HAE S-S transfectiondt &, A|XFEES PBTXS AME-
sto] #5533, TB-RBPY| 5©]%¢] DNA probe (GSI
probe)E ©]-8-3t] EMSAE 3313t} (Taira et al,, 1998).
GS1 probe (5-CTA GGA GCG GGG GCG CTC ATG-3)+ &'
Tto] bioting EA|EF] ARESFATE AEFEFN 5 ug
£ EMSA §H&-&9N (10 mM Tris pH 7.5, 50 nM KCl, 1 mM
DTT, 2.5% glycerol, 5 mM Mgcl,, 50 ng/ul Poly (dI-dC),
0.05% NP-40)°l] E3%F3}al 40 fmol®] biotin ¥4 ¥ GSI
probe 1= unlabeled GS1 probes F71 £33t 20 wel

T GAE AT 5, 2002 T Aol wESAIFT

Zo 9 EMSA Whg-8o3 37 A2l 203t
A7l & biotin FA|E GS1 probes F7lsk] 204 E%
F7F vgAA AL JdSTE cAMPE Vs
8)&}= EMSA 23 EMSA WHS-8-98¢] 10 uM ATP, 20
mM B-glycerophosphate 12|31 E-of|A] XA g ke
CAMPE 5 pgo] AEZFEN E3bate] g2oA 1087}
HH-2-A)7] & biotin FEA]H GSI probeE H7F3Fe] Ao
A 208 =71 8-S A1 7T PKAS] AAA] (PKI, Sigma)ZE
HA7yske] Faske HYe cAMPE V1] A 6 uM

b
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Fig. 1. Interactions of Ca with TB-RBP. Extracts of 293T cells
expressing expression vectors for pcFLAG-TB-RBP (10 pg) and
pcDNA3-Ca (10 ug) were immunoprecipitated with preimmune
serum (PI), anti-Ca or -FLAG antibodies as indicated. Immunopre-
cipitates were immunoblotted with the specified antibodies. laput
was loaded with 10% of 293T cell extracts used for immunopre-
cipitation.

o] PKIZ M EFZA7 EMSA ¥H&-8dol| A A e 5]
Aol A 1073 ¥H5-A)17) 2 biotin EA1E GS1 probes
d7¥sted el 20+ 57t e AIFIT PRI= PKAS
Zo) 209)A)e) Solxow ARsel 1 AL AN
71 AAARE LA JATh (Day et al., 1989). EMSA HES-
o] E%t ¥, 4% polyacrylamide gelS AME-&o A 7195
s 18 BrightStar—Plus positively charged Nylon membrane
(Schleicher & Schuell)®l] transferd}$ith. MembraneS- UV-
light cross-linkerS- ©]-83}4] 120 mJ/em’, 254 nm bulbs =

i &8 UV cross-link A7) ¥ blocking &9 (0.1 M
Trnis-Cl pH 7.5, 0.1 M NaCl, 2 mM MgCl,, 3% bovine serum
albumin Fraction V)©| membraneS overnight ¥F-s-A17) %
ABC €9 (Vector)2 membranedl] ]3] 4204 20
T F7h 9 100 mi2]
AP7.5 buffer (0.1 M Tris-HCI pH 7.5, 0.1 M NaC(l, 50 mM
MgClL)= d2oA 1082 23 Ak, APY.5 buffer
(0.1 M Tris-HCI pH 9.5, 0.1 M NaCl, 50 mM MgCL)=. 10+
2 23] A 5FSI T Membrane2- West Pico Chemilumine-
- scent (Pierce) £-ol ¥Ha-AlZl § Xray Z&ol 734
7] DNA-©d Ao s lsi3ith

= FESITE 1 5 membrane-

L,

A 3 o A PKAQP Agrele Eid s oA

et PKAY 7les dT-staLat }S?ifd = ‘?j%lx}ﬁﬂ
ol MR M Cos} ”iﬂ—%}w
DA J= A wiARel A H%o 9511 GST-
pulldown w4 3 AEuje} SALH o £4& 5

S
o529 A3 28-S 3Hlstdt) (Ju and Ghil, 2007). ¥ <

FME 0]E59 AaAgo] AxuaA doju=rtE
slol&l7] 98l co-immunoprecipitation 2415 A A ST
293T A|Zo] FLAG-TB-RBP$} Cool WHHWEHE T A
A7) 51, Zh2ke] A AHESHe] immunoprecipitation
& FPstrt. A HdE beadstoll A9 E3AR-Z
Western 542 -3l &<13 A3} TB-RBP9} Coi= A3
o)A A= Agsal Q&S 2133} (Fig 1).
PKA”} TB-RBP9] 7|50l WA= F&E #2487 9
3] TB-RBP} 2 &3l:= DNA probes AH&3}o] EMSAE
351t AREH DNA probe (GS1 probe)= Egr response
2o @ o)A R Io)Ax TB-RBPS}
Agtel= Aoz LA} (Taira et al., 1998). 14, TB-
RBP%} GS1 probes}e] 23155 13} TH EMSA 1t
S oMol] biotin-3E A F A &2 GS1 probe (competitor)2] %F
Z7WX 71 w-eA)7) A3} competitord] ol SVHE
2 TB-RBP%} GS1 proberlo]e] Eo|7 Aitedo] A
S PEFATH (Fig. 2A). W3- FLAG 342 37}l ¢
TB-RBP2] supershift’} f-=8= 2151 T (Fig. 2A).
213k Aibe o] dRate| Aot nkt Wi TB-RBP&} A}
# GSI probe= 5014 ALY TS HAs AJAFSH
T8 o) BAdstol] 2)3) TB-RBPS] DNA Z 354
W3S Hol=71E #EEty] fl3l 293T Aj3Eol] FLAG-
TB-RBPS} CaE SAEAANT 5 AT FE2HRE
715+ PKAS B4 o s cAMPE A3t &
EMSAES 433ttt 1 A# cAMPS) A %71 5
7}ek=% TB-RBP2| DNA ZA3sEo] S7hel W=
Tt} (Fig. 2B). ol#g 43 PKAS) &3 o
3] TB-RBPS] 7]5o] T718<= AlAFRITE cAMP2] #|¢
of ols E43¥ PKA”} TB-RBPY 7l5& S7HM71%
&Aako] Cooll 28] wiZi=lE dddS A &str] 9
3 PKIS FLAG-TB-RBP} CoE FAIEEEHY A
A EFZ N HA g5t WESAI7]AL, EMSAE 3813
th 1 A¥ PKIY Mzl ofsf 2A43E A TB-RBP2
DNA Z3=8lo] A3 7+4AE-S 35T} (Fig. 20).
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PKA7} TB-RBPS] 24 24< 53 DNAY 2353
< Cooll 9|3 TB-RBP %
o L oEdEE gE g hEtE f58 rheAol
7P Ak T Ca®l 23 Q14tel= DNASH ﬁ%l—g]__‘:
G AfFsde] FRg vAE A0 HaEo]
7] Wol Caol ©13) TB-RBPS] DNA ZFHs#o) -
WS- 7hsAd o] 1T} (Bums and Vanden Heuvel, 2007; Nieto
et al., 2007). Z¢|1} TB-RBP+= L o} 54k A EAbe]| Ca
9] putative 148} E=W2lS AT YA bk whebA
TB-RBP7} Ca®] Q1445 7142 AHE 715 v
ety shA|YF obA ¥ TB-RBPSF Ak o)
A9) TRAXS] 75 PKAS] 914ks} Ewole 3]
o, Co= TRAXS] AH3HE 53 TB-RBPell 27442
72 98S F20] DNAS A3 S
T} WS opz] AR A] ¢k TB-RBP-#& whiz o] <]
N FEste] A48 PSR o

=
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Fig. 2. Ca increases TB-RBP-mediated DNA-binding activity. A, Extracts of
293T cells expressing expression vector for pcFLAG-TB-RBP (10 pg) were
analyzed for TB-RBP DNA-binding activity by EMSA, as described in Experi-
mental Procedures. The cell extracts were pre-treated with unlabeled DNA probe
(competitor). The concentrations of competitor were 3- (120 fmol), 10- (400
fmol), and 30-fold (1200 fimol) higher than that of the biotin-labeled probe. The
supershift band was produced by addition of 1ng of FLAG antibodies with cell
extracts. B, Extracts of 293T cells expressing expression vectors pcFLAG-TB-RBP
(10 pg) and pcDNA3-Co (10 pg) were analyzed for TB-RBP DNA-binding activity.
The cell extracts were pre-treated with cAMP at concentration that either 0.003
uM, 0.01 uM, 0.03 uM, 0.1 uM, or 0.3 uM. C, The cell extracts were pre-treated
with 6 uyM PKI and 0.03 uM cAMP as indicated.

AlgEH

X od o] A% DNA probei Egr response element2]
G-rich strand®]t}. Egr response element= zinc finger DNA

At TS Zh= AALRAERIANEC] A¥SshE H-¢ 0]
o, 2294 Egr response element®} ZAFZHRIX}E9]
B35 (GS1)o] Bel HAEY] wiie] o] HA
o] EA e £45Y 5 TB-RBP9 TRAX7}
A LAY GSI HEAES 52 DNAS| 57
Aol gkl BaEo| Ut} (Didier et al, 1996).
Aol A Cooll €J3] TB-RBPS] Egr response element$}-2]
Atz Ho| 7615022 Ca 2 TB-RBP DNA
EA T #HAT Tlsdol Ut

= ATe olHdTe oloA|= AFZA Cas} TB-

RBP9] Z%o] TB-RBP2] DNA A¥58& #A3 57t
A71E A& #<lslolth. TB-RBPE DNA ¥ ofuaf,
RNASE 23t RNAS ofF, |9 §2 =95 9
22 59302 PKAY <3 TB-RBP2] RNA 235
of A= FF Fol ArEH FH 7 A= AT
g Zlo|t}
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