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The Alpha Subunit of Go Interacts with Brain Specific High
Mobility Group Box Containing Protein

Jung-Sik Park and Sung-Ho Ghil'

Department of Biology, Kyonggi University, Suwon 442-760, Korea

Heterotrimeric GTP binding proteins (G proteins) mediate signal transduction generated by neurotransmitter and
hormones. Among G-proteins, Go is classified as a member of the Go/Gi family and the most abundant heterotrimeric
G protein in brain. Most of the mechanistic analyses on the activation of Go indicated its action to be mediated by the
GPy dimer because downstream effectors for its o subunit have not been clearly defined. To determine the downstream
effectors of alpha subunits of Go (Goa), we used yeast two-hybrid system to screen Goa. interacting partners in cDNA
library from the human brain. A brain specific high mobility group box containing protein (BHX), A possible transcription
factor, was identified as a Goa interacting protein. We confirmed interaction between Goo and BHX employing in vitro
affinity binding assay. Moreover, active form of Goa preferentially interacts with BHX than inactive form. Our findings
indicate that Goo could modulate gene expression via interaction with BHX during neuronal or brain development.
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ALt vE G-ode o AuAAE O AR
A7 AluA 2 dEF Aol gkl Gov L Sl g R
Aol o 2 WEAA G Ak L o]fE GooZt Gia
oF gl A Go] fAfstthe slol] 23S Fof Good] &7
A2 AAEL=d] adenylyl cyclase (AQ)WH-S 13l 1 &
e ZAozwt A7) Yotk Zely Goo} pho-
sphorlipase C (PLC)L} AC2] Ao Jaks i im g= o
© A°] GooZ} Aold AFH S} AdAAFA ] vluE Fole] B

37 v} 1o} Goo® Gialt Gsadt o] ACE ﬂ%iiﬁ‘%}
AR ARRSHA] Fe v A o ot (Jiang et al,
1998; Mende et al., 1998).

olg Goad] 7%E& Polr7] kel B AFoME
Yeast two hybrid =T89S a5t HojA So|xoz
BHEE F421Q] brain specific high mobility group box
containing protein (BHX)E TZ3lth o] FAARs 4ol
HMG-box =213} nuclear localization signal (NLS)E 7}
2 glof AEA HA=EAR} (transcription factor)2] 432
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BHX 35l cDNA & (pBluescript-KIAA0737)2
Kazusa DNA Research Institutei—.—Ei A)F kol A3t
Yeast A37d] =)= Biol0l (Vista, CA), herring testis DNA=
Clontech (Palo Alto, CA), Goo &9} HA &A= Santacruz
Biotechnology (Santa Cruz, CA), Glutathione sepharose 4B bead
9} Protein A sepharose CL-4B beadi= Amersham Biosciences
(Uppsla, Sweden), TA 229 ¥ H (pGEMT/easy)= Promega
(Madison, WI) #|3t5 -9} T4 DNA ZE&84E Roche (Mann-
heim, Germany), PVDF membrane<> Schleicher & Schuell Bio-
science (Dassel, Germany), Supersigant West Pico Chemilumine-
scent Substrate Pierce (Rockford, IL). ©]¥] &} E& A|efk2
Sigma-Aldrich (St. Louis, MO)°ll A T &ke] 2128130t}

2. WEHEl] AT

Yeast two hybrid 2=272]gol AFE-3F bait EEfan]=ol
pHybTip/Zeo-Goa®®LE pRC/CMV-Goo® Zahn] = o] 4
EcoRIT} Xbal A TE 4T AHelo], pcDNA3 #E] ol 43
g &, Al EcoRIF} Apal A|taAZ AEste] pHybTrp/
Zeo HlElo] Adste] AZslgivh BHX S L@ Setv =]
pcHA-BHXE  pBluescript-KIAA0737 ZHAH|EE FHOE
3to] PCRS Fa3td A 2eigitt. olw] AL&-3 primere
5-ATGTATCCATATGATGTTCCAGATTATGCTGCCATGGAG-
TTTCCC-3'% 5-CTATTTCACAAACACCAC-3'01™, BHX Y]
N-Zeboll HA 31718 7181590k PCR 2322 pGEMT/
easy =or0]=of A3 T EcoR1FH Xhol Astalz A
@&t pcDNA3.1 S&F2u=of 4H9l3l3ich

3. Yeast two hybrid 2324

Goos} e zt-gates TS Zohgz] $131 Yeast two
hybrid 223213 stk 140 AEAZ5) lithum ace-
tate HHH O 2 bait Z2hATE (pHybTrp/Zeo-Goo P&
AHFANA EFET] ZAgd () nA/ZAA A 3
vjekstelch wokd FEUE (T) AV AINA 164]

AAEE] (100 xg, 108, 4T)5l] AE

3 o]—°ﬂE]- FHAE AXE competent H|XE AZFske] <l
Hjjote] oA #-2dt cDNA libraryE FAHE A7 3

2EY, 72, EYERe] APH (-HLT) 2444 ]

ﬂ Ao B A oft

>,

1

AFA7E Wi s 22U EZRE false-positive
2E8E AA] ke Z2F HLT AR o 3-AT

(3-amino-1, 2, 4-triazole)”} 7 wiA] (-HLT + 3-AT)%} F
ojxlz} ERETo] AoH LT IAAdMA ] X-galo] %

o)

7 BIA] (LT +X-gahel A%, sjoated 44-a5e A
55 22 gdstoint B3 B-galactosidase (B-gahe] 243
o AFH FA4E ¥ FRUESS -HLT JAGA
A adsted B-gal ‘:'*4% Fasigich AHd FRUEER
B} library Zekv]= DNAE &3] DHSa Bhe| ol A
Fo| FAAE A F, %de} AMEe BAsglch #4€
A2 282 NCBI2] Blast search 2138 AL8-3lo]
A8k

4, MEHIY & transfection

293T M EE= 37T, 5% CO, 7oA wldel#] (DMEM,
10% FBS, 100 units/ml penicillin, 100 pg/m} streptomycin)E ©]
3} 2, 347 Bds ¥ 0.25% trypsin-EDTA £H Q2 4
EE £t Aelgsiit)h Transfections $13 shtle)
100 mm ¥|YRAZ 153105709 MEFE B3I 244
Z¥e] A ¥, calcium-phosphate *H 22 DNAZE transfec-
tiondt T, o1& Zhes] s, Zzte) By Zekav|=
EE 62 wel 2 M CaCL®t §A £33 &, 89| 2X HBS
(50 mM Hepes pH 7.1, 280 mM NaCl, 1.5 mM Na,HPO,)E
Zretint. o] EFelE A2oA 308 Aok Al

o #3131}, Transfections F-83}] 40A)7F Sof] HELE
4338k, PBS (10 mM Na,HPO,, 2 mM KH,PO,, 137 mM
NaCl, 2.7 mM KCHZE FA|g+ &, GST-pulldown assay 2 co-

immunoprecipitation 2¥-& 33}t
5. GST—pulldown assay

GST ¥ GST-Goa §3TUWAS W&t F7xE BL21
Fe o) MEFol] FAWIAA vl F, 0.5 mM PTG

BHZ]Oﬂ #Hokstel 4A1RF F9F F7b v ks Al
< YAEZ] (3,000 rpm, 158)3F] MFERLA (1% Triton
1009} el a4 AAA7} HobE PBS)o 2 Hi3t
, ZedEsrl2 Easkeich AR YAEE (12,000 rpm,
102, 4T)3lo] 4594 Glutathione sepharose 4B beads®}
4TAA 1AZE HEEAIZ] 3, AT 2L A0 2 beadsE 53]

FABFATE o] beadse) 293T A|¥Eo| HA-BHXSE A7)

)9

—lOl' o2 mlm d

MEFEEE 4CAA 1A 3A7 |2 AEEHEdom
53] At @z A719%E &, HA EA 2 Western blot
BAe AAskle

6. Co—immunoprecipitation

293T B & A Eo| HA-BHXS Goad) ok (Goo™) T
£ E99)E (Goo®™) Zetav|=E I HEAA F,
MEE FFsto] AX

Bgolon Bude £33
3]
R
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1 MEFPGGNDNYLTITGPSHPFLSGAETFHTPSLGDEEFEIPPISLDSDESL 50
41 RVSDYVGHFDDLADPSSSQDGSFEAQYIGVQTLDMEFVEMTHGLMERGGLLL 100
161 SGGELTMDLDHSIGTOYSANPPYT IDVEMTDMTSGLMSHS JLTTIDOSELS 150
151 SQLGLSLGGGTILFPAQSFEDRLSTTPSPTSSLHEDGVEDFRROQLESQKT 200

201 VVVEAGKRQKAZPREFEEEDPNEPQKPYSAYALPFRDTQARIKGQONPNATE 250

251 GEVSKIVASMWDSLGEEQKQVYKRKTERAKKEYLKATAAYKDNQECQATY 300
301 ETVELDFAPESOTESPPPMATVDPASPAFASIEPPALSPSIVVNSTLESY 350
351 VANQASSGAGGUPNITELTITKOMLDS S ITMEQGEMYTVIPATVVTSRGL 400
491 QLGQUTSTATIOFS QUANT VIRSVLOARARAAAALSMO LEFPRLOPPPLOD 450
451 MPQEPTQQUVYTILONDPELOAMOOFPPORVRTIN LQEPPPLOIKSVELET SO0
501 LKMQTTLVPPTVESSPERFMNNG PEANT VEAPS FETTC EMITDVVPEVES 550
551 ESOMOVELVSGSPVALSFCPRCVRSGCENPRIVSKDWONEYCSNECYVEH 600

601 CRDVFLAWVASRNSNTVVEVK w21

1 621

N NLs

Pro-rich region

B -G -box
@ Ala-rich region

Fig. 1. Amino acid sequence and a schematical drawing of BHX.
Amino acid sequence of BHX (A). The amino acids are numbered
starting from the initiation codon. A putative NLS region is under-
lined. The putative HMG-box domain is indicated in bold type. A
schematic illustration of the structure of BHX (B).

30 AT AZFEEN 1 pg) HA 3AE 2715
o] 4ColAM 16A17F ¥EEAIZ] £, protein A sepharose CL-4B
beadsS F7}8ke] 4TolA 4217k WHEAI L) Whgo] ¢
B AIRAEAo= 53] FAstn vl AV|dES 3
F, Goo, FAH|Z Western blot w43}t

2 o

1. Yeast two hybrid 232|4E £t Goolt &5 EE5}
& HEElo| BhA

Goo®} 3 2H-gahe widS Qzujole] HolA fefdh
cDNA 1ibrary°ﬂf\1 gaa}7] 913l yeast two hybrid 272
S FYsidch F 1.2x10°719] SYA 288 A3
57H«1 cloneol 4 "ii A Ao sdg FAAE LA
'5‘]'&‘14 o] F# A= HMG (high mobility group)-box =]
S 7HAH, 1 71%o] obz &#AR] & FHAPe|T) o]
Az 6217019 ofn it Z38H (Fig. 1A), DA
AL 0e W, nuclear localization signal (NLS), HMG-box,

=3 40 ml

proline-rich, alanine-rich =%l & Zr=tl (Fig. 1B). B3
B DNAZS AF-38 Kazusa DNA Research Institute®] RT-PCR
APAR oJ3h o] {FHAE HoA T Holjxew wy
Ha e} el B Aol M= o] F-44E brain specific
HMG-box containing protein (BHX)Z ™™ 3}3{th.

BHX$} Good] 4% 28-S Yeast two hybrid systemS- 5
o] ge157] Y8), 140 EZANEF pHybTip/Zeo =2}

u] =9} pHybTrp/Zeo-Goa@r ZetAn| =2 717t A3
Al & 3712 pACT2¢t pACT2-BHXE ZHz &4 4%
ort, HAA3E AL E LT, -LT + X-gal, -HLT + 3-ATo]l %
F, Bloetel AT 2 AARTE St (Fig. 2A).
1 A, LT iR A= B8 A7t 438k, -LT +
X-gal A3738jR]|o) M= pHybTrp/Zeo-Goo@®t Zefsv| =9}
pACT2-BHX EefAn|=7) 7 P2 A% 3 AEolA X-gal
of o3k YA WAEg-o] dofidt}. B3 -HLT + 3-AT HjA]
ol A} = pHybTip/Zeo-Goa?™* Ze}2u) =9} pACT2-BHX =
ghan =7t 34 FAHEE AEAR gAsisich 4z
Fepnert A ] ]/‘1 Holx FHAQ B-gale]
wE Y B4e) Hﬁﬂ 3 A AxE FAst, 24
e = Bgal ¥AE A 13} “% (Flg 2B). 21 A3}, pHybTrp/

_0|L

l' i[>

].

[¢]

Zeo-Goo PP ZelAv| =l pACT2-BHX ZetAw|=r} g
7 FAAGE AEAAM 4 F2 Bgald] B9S BTk
ole} Z+e A Goast BHXE A2 A3 A8-32 ofn|
g

2. BHX2} Goall 4

= =0
s&E 53

Yeast two hybrid 27 2ld AiolA Hols Goo:BHXE
Foz8-E ARF 4F3k7] H3A] GST-pulldown assayS <
%ﬂmq ]*w%ﬂG“ﬂ(ﬂNbavﬂq“ﬁo7WL
BL21 dhel|glo} Mo YHAAA HL FEE-S glutathione
sepharose beads®} WHg- A|Z{Th Hg 293T 4|3l HA-BHX
gigds BEAA & FEES FVIE beadsol] ¥R A
71 &, guld WY E5S Tt HA FAE o] &3t
Western 24138199tk 2 A3} GST9} BHXE 9+ A7) =
oA BHX® band7} HEH4HA] &9koH, GST-Goast
BHXE ¥Hg-A120 A g ol A= BHXS band7} 1 ATH
(Fig. 3). Wt Goast BHXE in vinool Al A2 A5 aH8-S

Sa gL &+ APk

3. Goa2l BRIMZH

molecules) 2A 2] BHX

=2 MK (downstream  effector

G-ERe) 2u9iAE ATeRe) NoE ATWRE 3
gl @449l AsHLARA ALete] GPCRE) AlEE
Aehitol g3 Thake B AR AN T AE
2 Ag@ Bep] B AP Gow:BHXY 45 AEo]
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Fig. 2. Interaction between Goa and BHX. Yeast clone co-expressed Goo and BHX represented blue colony in X-gal containing media
(-LT + X-gal) and were grown in 5 mM 3-AT containing media (-HLT + 3AT) (A). B-galactosidase assay represented showing interaction
between Goa and BHX. Data are shown as the average & S.E. of at least three independent experiments. *, P<0.001 compared to control (B).
-LT, Leucin and Tryptophan droup out medium; -HLT, Histidin, Leucin, and Tryptophan droup out medium; and 3-AT, 3-amino-1,2 4-triazole.

GST  GST-Gow
IB: HA ,
input o
B HABHX) | e—— —

Coomassie blue
staining

Fig. 3. GST pulldown results showing that Goa interacts with
BHX. Beads charged with bacterially espressed GST alone and
GST-Goa were incubated with 293T cell extracts expressing 10 ug
of HA-BHX plasmid. Bound proteins were immunoblotted with
antibodies against HA. Input was loaded with 10% of 293T cell
extracts used for the GST pulldown assay. Coomassie blue staining
revealed the levels of GST and GST-Gou fusion proteins.

olgist AZAHGT| = A MR G LE=AE Hol
3l7] M, Goadl BAATENS wE BHX S| 4EA-g o
2 ZARIRAE. 94 293T AlXo) Goasd BHXE 3 w3

== A =]

A7) B AEFEZES 9] GDP 2 HE oA A £l
7} 5] &= GTPYI GTPYSE A Elste] HA A E immu-

noprecipitation3}$1 T, 22 ¥, immuncomplex® Goa] &
ARE 221517] Al Goa FAZ Western blot 41 42

Al8lie} (Fig. 4A). o 23 GTP7F Z2%E 243 Gow}
Eg8gste ey} BHX 3t A3 288S 8ok
Tk 293T )30 HA-BHXSF Goo®l oFE (Goo™) 2 &
A5E Feo] SAWo] (Goe®®) ZTANEE HHAF
I, NEFEES o] HA A2 immunoprecipitation3}37
Goo. A ZE Western blot £418 AAI3 AFAME Gons)
229std et BHXS o] 283 29 2390 (Fig
4B). o]Fe] A7E EUYE BHXE Goad 24318 Feps}
o 2 Z3shs & 7 lem, o] BHX7} Goad] 39141

BHLEAAYE AAE,

[
A

1

Il

B ATAE Wxmol ] 1 whTe] ¥ o
3, ol 2 7o) LA e Goad] 7]
7] 18 AF2A, HZ22A MM Goast B 28-S
o wzelad Ak o2 A Slzho} W27
#3F cDNA library S A3t Goasd A4 52H4-5}
=2 o].oﬂq X]:j-?/% I A3 AR o] geR thala
Aol Goad} B ArEEIH oM,

L
olt
24

do gy, ok

1
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|r of 1
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1B: Gou D '

@ P HA
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Vi —rangd
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Fig. 4. BHX preferentially bind the active form of Goa. Extracts
of 293T cell mock-transfected or co-transfected with expression
plasmids for wild type of Goa (5 pug) and HA-BHX (10 ug) were
pretreated GDP (200 1M) or GTPyS (100 M) at 30°C for 30 min,
and immunoprecipitated with HA antibody. Immunoprecipitates
were immunoblotted with antibody against Goo (A). Extracts of
293T cells mock-transfected or transfected with expresston plas-
mids for wild-type (Goa™, 5 ug) or active mutant (Goa %L, 3 pg)
of Gou. together with HA-BHX (10 ug) were 1mmunopre01p1tated
with the anti-HA antibody. Immunoprecipitates were immuno-
blotted with antibody against Goa (B). Input was loaded with 10%
of 293T cell extracts used for immunoprecipitation.

A HMG-box Z=rR)& 2he HPEAY AAEHEAA (transc-
ription factor)®] 715S 8 Zo® FAEE BHXE 5343
itk B3 BHX© T2 Aol vls] HzAdM 2 24
of m-¢- ¥gkon, o= Goadl A Wi EAFHAYL dXF
o} ZE7A FEEHHL Goo FF AFAA Goas HE

Aof % wle] Be AUE b Aoz deld sk

a2 29, Go= AAAEL] HRFUZ (growth cone)E T4
g o gl R o] FgF-olv] (Stittmatter ef al, 1990), ¥HX

o) w QR ok 05%S A3}l QUT} (Huff et al, 1985).
o) dolggel BAH Y=, Go/Giel &
g} wfelollx] F-apet
gl en, ol2g B

RAR e |
Goi= A1 A
23709} mastroparanS qEEE S W, B
AT ARy BAE

Go/Gi2]l A pertussis toxin (PTX)o 28] AAHAk
B3 GPCROY WHE-3he A BHEEZ Y =) Azl 9
A 2 AAMZAAM Aol el AAHUT (Haydon et
al., 1984; Lankford et al., 1988; Rodrigues and Dowling, 1990).

ol THAE, Goud] EAsHE EdAWe] thide] W
2&A PC12 MEAAE AZE7] (neurites)2] THF7F S7F
B S BT (Strittmatter et al., 1994). F11 AIZEA X
Fl GooE 912 FEAZ G AAE7]e) o]
237 42 v} (Ghil et al, 2000). £3F Goist BE
o] Y& GPCRY 2F2) canpabinoid =82 EI=E A
23S el % neuro2a MES AABE7Y DodFol F=
HAtt (Jordan et al,, 2005; He et al,, 2005). ©|9} 2L dah=
Gout MollA WAz £31 9 Bl ZEe 428
FES pAE whebA, Goadt BHX7F HollM 2 3

o] Fthe A& ol59 Asagol AAAE]
Ao AhEY g o] o Ag AAth

AEARZHE AAAGED Z2 $2E9 NEE HX
W2 Agsted 44 qeg fashe Bddd G-

F

rﬁL
nE o

3E,

oYL SMN:Q'@%@VM 24¢ 243 53] Go
2 A o caidy A, 1o Axdg s
2ol it & gl Yok 2 FolAM Gs% Gie ACH &

A& AR xHsM, Go' PLCY E4& A 2y
God] sz A EHA deire sk gt o=
U T 2R B3N God) BT
Burh EAE, olF EoZ Godl 718 4 Fo o
o} (Jordan et al,, 1999; Ghil, 2004). £ 7oA BHXE Goo
o) BT AHZA Y GES & Jheido] ek 1
ol 2438 HH Goaol BHXS Aol £8/43td
Fejoll Hla) ZET AFEE Holr] WFolvt (Fig 4). wet
A ol AT E)A BHXS] 7154 HEld, ofAA
LHAA FE Goud) MELE 715E 71+ Ug Aotk

BHXT 21 @A) MEFZE2 Hol, A2l MAZY
ko) FAE vk AT Goed FANEHEEAA
24 ﬁ/\}g:ﬂo];(}g} ol d%}_a_ FRFE RoE 28 B
o] EAstA] ¢k ey E dAFxEY ddToA
Gout promyelocytic leukemia zinc finget protein (PLZF)2h=
A ZAUA G A5 AL yeast two hybrid 2232 <
B3 TAstar, vheket At d¥s F9 ol AR
228 AQxF AZET) (Ghil, 2004). WERY Gol Arlzd
YA AT F Qe FeHE FEI) 2y gl

BHX #3Ak= eol & deix] U= DNA 4§ =eiel
2l HMG-box =S X ¥at1 glom, NLSE 7Hx|a g
o AE & vze] olFe] 7Hedtth o83t HMG-box =
H21L ZFA) 5 Q1= SRS TCF-1 (T cell Ffactor-1), SRY
{the sex determining region Y)oF #Zol -F3A M E-Eolx A

- 409 -



2ol 531 HMGBI, UBF (the upstream binding factor) 5-2]

FA2 HE-H S04 AP A SR rolzIt} (Buris et

al., 1996; Ikeda et al., 1996; Parker and Schimmer, 1997). -+% 2}

ME-Eo)A AgaNAEe duH o2 314 HMG-hox

molele 7R glon wSeld Aguuae] A T
_%

70 olAte] HMG-box Em¢l

E-5ol4 ZgoudYd Aoz AlgH
HMG-box E=r¢12 FRoAHE] s FEo] o]27]7}A]
QA E¥5t Q0™ (Grosschedl et al., 1994; Thomas and
Travers, 2001), 22 2] HMG-box =ML ZtE=
AA HellA Fagh Aggall J3e st de
A Atk 7L F UBPE RNA AAIREIAE 9%
(Bell et al., 1988; Jantzen et al., 1990), SRY= A3 Z Aol ¢l
SEAQ Gl 2 Ad#x] I} (Sinclair et al., 1990; Gubbay
et al,, 1990). XS LEF! (lymphocyte enhancementfactor-1),
TCF-1 (T-cell factor-1), Sox4 (SRY-box containing protein 4) &
2 Hz=Fo| dstge] Fa3 gL U= T} (Kuo
and Leiden, 1999). LEF-17} TCF-12 TAHZ2] LAl =al&
dosle &, T cell 3} 2AAZA A& 3} (Schilham
and Clevers, 1998; Staal and Clevers, 2000). SOX42] 7% A3
oA pro-B AMEo] &5 a8kl thymocyte®] Aol o
¢S nXe= AR 4 A|ar At} (Schilham et al,, 1996).
ole{d FRE® v]Fo] & w, LEFI, TCFI, Sox4 €2
HMG-box & Ztv o) ZE%% AA QA So] fHzte)
W zAse] B JPL FE o Anr). 3
I 7}Eo] €3 & tE HMG-box =W91S 2= ‘:& 2
ol GCX-1 (granulosa cell HMG-box protein-1)2) 73-$- 4
oAM ArlztzA 2H-gshe, WiFel NLS9H HMG-box
w918 C-Zel prorich regiong 7HA|L 3 F A E-0]4
o] w3 okA-S Ho)l 91o] (Kajitani et al., 2004), BHXS} -
B2 giidolth GCX-1 GA] daelA o o]
”a“@ﬂr?éoﬂ AAME Fdste gEd2A 98-S 5]
BHX A ¥ e LAAA el Fagh Faxte] 2t

1r

>}L
2 2
1=
)
ok o nin
RS rfo

=

m
H1 = m& FU

J

ILH Goo= z«]/\].zzqo];(}/] 7]

5 FIY Ao 011*0151‘: Sl ol BHX 9 AbE 24}
dom E3] BHXE Goadl 39 2EAY galxzie
Qee YT Ao gabech wEb BHXY ME W 7]
5 R 9L olojxe dAFoAM FrrEor EAFhd,
Gou?) A¥ Wl 7]5& olslstet B =80 Halgt 7)
EIACl=1

ZAle 2

2 A7E 2006 A3r)eR HA7E A e

200613 A7 e w S8 2ol 98] FAEAS
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