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ABSTRACT

SOX (SRY-related HMG box) proteins are transcription
factors that have critical roles in the regulation of
numerous developmental processes. They share at
least 50% homology in their HMG domains, which bind
the DNA element AACAAT. How different SOX proteins
achieve specific regulation of target genes is not
known. We determined the DNA-binding specificity of
SOX9 using a random oligonucleotide selection assay.
The optimal SOX9 binding sequence, AGAACAATGG,
contained a core DNA-binding element AACAAT,
flanked by 5 ' AG and 3' GG nucleotides. The specific
interaction between SOX9 and AGAACAATGG was
confirmed by mobility shift assays, DNA competition
and dissociation studies. The5 ' AG and 3’ GG flanking
nucleotides enhance binding by SOX9 HMG domain,
but not by the HMG domain of another SOX factor, SRY.
For SRY, different 5 ' and 3' flanking nucleotides are
preferred. Our studies support the notion that SOX
proteins achieve DNA sequence specificity through
subtle preferences for flanking nucleotides and that
this is likely to be dictated by signature amino acids in
their HMG domains. Furthermore, the related HMG
domains of SOX9 and Sox17 have similar optimal
binding sites that differ from those of SRY and Sox5,
suggesting that SOX factors may co-evolve with their
DNA targets to achieve specificity.

INTRODUCTION

oligonucleotide selection procedures. Given that SOX proteins
bind this common DNA element, how is target gene specificity
achieved? While specificity can be achieved through restricted
tissue distributionk) and protein interactiori {~13), we sought

to understand better the intrinsic specificity between SOX9 and
DNA. We have defined the preferred DNA-binding site of SOX9
to be AGAACAATGG, which contains the SOX core-binding
element (SCBE), AACAAT. Flanking '5AG and 3 GG
nucleotides enhance binding by SOX9, but not SRY. For SRY,
different flanking 5 and 3 nucleotides are preferred which
contribute to DNA-binding affinity. These results show that SOX
proteins achieve DNA sequence specificity through subtle
preferences for nucleotides flanking the SCBE and that this
specificity is likely to be dictated by signature amino acids in the
HMG domain.

MATERIALS AND METHODS
Production of recombinant SOX9 and SRY proteins

pT7-SOX9box plasmid: DNA encoding SOX9 HMG box (amino
acids 101-184) was generated by PCR using SOX9 cDK)aé

a template and PCR primers-BCACATCATATGAACAAGCC-
GCACGTCAAG-3) and (5CGCTAAGCTTAGTTCTTCACC-
GACTTCCTC-3), and subcloned intbldd and Hindlll digested
pT7-7 (United States Biochemicals). pT7-hSRYbox plasmid:
encoding SRY amino acids 55-143 has been descritigd (
Plasmids were transformed inEscherichia coliBL21 (DE3)

and soluble protein extracts preparetb)( Extracts were
analysed by SDS—polyacrylamide gel electrophoresis (PAGE)

SOX (SRY-related HMG box) proteins have critical functions irand gels stained with Coomassie Brilliant Blue. The concentration

a number of developmental processes, including sex determinatiohactive HMG domain protein in the soluble extract was determined

skeleton formation, pre-B and T cell development and neurfdom thex-axis intercept of Scatchard plots (see laté,

induction (1). Mutations in SOX9 result in Campomelic Dysplasia pBS-HA-SOX9 plasmid was constructed for the production of

(CD), a severe dwarfism syndrome associated with gonadal afudl-length human SOX9 by amplification from SOX9 cDNAJ

brain abnormalities. SOX9 plays a direct role during chondrogenesiy PCR, using primers ‘BTCATAGATCTGCCACCATGTA-

by binding and activating the chondrocyte-specific enhancer @CCATACGATGTTCCGGATTACGCTAGCCATATGAATCT-

the Col2algene 2-5). Interestingly, SOX9 is also expressed inCCTGGACCCCTTC-3 and (5CGTCTTGCTGAGCTCGG-

cells of the brain and testis, which do not exprésf?al, CGT-3), and subcloned into pBluescript (Stratagene). SOX9

suggesting that SOX9 activates other target gehés ( protein (509 amino acids) was produced using the TNT
At least 20 SOX proteins have been identified, all of whichl'3-coupled rabbit reticulocyte lysate system (Promega). Yields

contain an HMG domain, which facilitates sequence-specifiof SOX9 were estimated from the incorporatio§38-methionine

DNA-binding and shares >50% identity with the HMG domainin reactions which were performed in parallel with non-radiolabelled

of SRY, the human testis-determining factor. The high affinitysyntheses. Non-radiolabelled SOX9 was utilised for electrophoretic

DNA-binding sites of SRY&), Sox5 @) and Sox1710) have  mobility shift assay (EMSA) gelsl{) where phosphorimage

been defined to be (A/T)(A/T)CAA(A/T), usirig vitro random  analysis of free and bound DNA probe was required.

*To whom correspondence should be addressed. Tel: +61 3 9344 5341; Fax: +61 3 9348 1707; Email: vharley@bhfi.unimelb.edu.au
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Random oligonucleotide selection assay e T
98 -

The double-stranded oligonucleotide, R76, contains a 26 bp 5-E= B

random sequence flanked by two PCR primer sites containing g B o I8

BanH| andEcdRlI restriction endonuclease sites, to facilitate the .

cloning of selected sequencéds3)( Typical binding reactions 50 -

(10pl) containing 3 nM SOX9 or luciferase control, 9 nM of e

32p-labelled DNA and binding buffefl) were incubated for b -

20 min on ice and analysed by EMSA. The location of the
SOX9-DNA complex in the early rounds was located using an
oligonucleotide of the same length which containedrthgvo Figure 1. Production of SOX9 and SRY proteins. Coomassie Brilliant Blue
preferred DNA-binding site of the T cell-specific transcription St%”gcc’) )(1;3;/0 SDSHP?SGREngeI IOf S_g'Ub":e ”'yséte Lff'%o'_' gaf?ou””g !

_ H H H pl/- oxor pl/- o)Xplasmias. rFollowing Inauction, ce
factor, TCF-1 19) This DNA_probe W?‘S also incubated with lysates show a major band at 9 kDa, corresponding to SOX9 HMG domain
SOX9 and electrop.h.ore.sed in an adjacent lane for referencgane 1, arrow) and at 10 kDa corresponding to SRY HMG domain (lane 2).
Selection and amplification of selected DNA was repeated foFluorograph of a 7.5% SDS—PAGE gel of radiolabelled coupled transcription/
seven cycles after which DNA inserts were sequenced. Sequenéct@l&;}fslfﬂtion reacti%r(\js grog_rammei. Wth th(tle fullgength ?OX% ?er}? or the

i i H n i Clierase gene. X mlgrates Da (lane 3, arrow), and luciferase
were allgnec_i using PlleUp (WISCOFISIH PaCkag.e)’ a comput r\r‘lﬂgrates at 56 kDa (lane 4). Molecular weight standards are shown to the left
program which creates a multiple sequence alignment from g, panel.

group of sequences using progressive pairwise alignments.

radiolabelled DNA was by phosphorimage analysis of free and
DNA probes and EMSA bound DNA probe (Analytical Imaging Station; FUJIX BAS
2000). Dissociation constants were calculated according to the

Oligonucleotides were synthesised on an Applied Biosystenigethod of Scatchardl). The mean concentration of active

394 DNA/RNA Synthesiser. DNA probes were prepared byprotein was estimated from theaxis intercept, derived from

annealing complementary oligonucleotides, prior to a fill-inthree experiments performed in duplicate.

reaction using AMV Reverse Transcriptase aneP4P]dCTP.

Ten 29mer double-stranded DNA probes were prepared. TRESULTS

x%pgém—%év ZrAeTaCsTfGogo_\r/'vAsG. :rg;) i;?%ﬁgwmgpe Production of full-length SOX9 and HMG domains of

SOX9 preferred DNA-binding site (bold) with an SCBE. Probe>OX9 and SRY

SOM1 (8-GGGTTAACGTAAACAATAAATCTGGTAGA-3)  SDS-PAGE analysis of cell lysates following IPTG induction

contains a mutated SOX9 preferred DNA-binding site Wit show a major band at 9 kDa, consistent with the predicted

3 flanking mutations (bold). Probe SIM2'-(BGGTTAAC-  molecular weight of SOX9 HMG domain (Fiy.lane 1). Yields

GTAACAATGGAATCTGGTAGA-3') contains a mutated SOX9 of HMG domains were estimated to be 6-8 mg/l of bacterial cell

preferred DNA-binding site with"Slanking mutations (bold). - cutture. Radiolabelled full-length SOX9, analysed by SDS-PAGE

Probe COL2C1 (SGGGCCCCTCTCCACAATG CCCCCC-  and fluorography, migrates at 69 kDa, consistent with the

TGTC-3) and Probe COL2C2 (&GGTCGAGAAAAGCCC-  predicted molecular weight of 61 kDa (Fig.lane 3). Yields of

CATTCAT GAGAGC-3) contain SOX9 binding sequences SOx9 protein were estimated to be 0.4uhdysate.

(bold) within theCol2alenhancerd). Probe CDZ% (5-GGGA-

GACTGAGAACAAAG CGCTCTCACAC-3) contains the TCF- I :

1 DNA-binding site (bold) within th€D3-€ enhancer1(9). Probe The preferred DNA-binding site of SOX9

SRYWT (B-GGGTTAACTAAACAATAG AATCTGGTAGA-3)  The preferredn vitro DNA target sequence of human SOX9 was

contains the wild-type SRY preferred DNA-binding site (bold)determined using a random oligonucleotide selection assay. To

with an SCBE. Probe SRYM1 '(6GGTTAACGCAACAAT- monitor the progress of the selection procedure, SOX9 selected

CTAATCTGGTAGA-3) contains a mutated SRY preferred 32P-labelled DNA probes following 0, 1, 3, 5 and 7 cycles of

DNA-binding site with the Tand 3 flanking nucleotides mutated selection were analysed by EMSA (FigA). The random

(bold) to those which are least preferred by SRY for DNA-bindingligonucleotide R76 (0 selection cycles) failed to form detectable

(8). Probe SRYM2 (5GGGTTAACGCAACAATAGAATCTGG- protein-DNA complexes. Enrichment for SOX9-bound oligo-

TAGA-3') contains a mutated SRY preferred DNA-binding sitenucleotides was clearly evident following three cycles, after

with 5§ flanking mutations (bold). Unlabelled Probe AllMut which the proportion of SOX9-specific DNA-binding sites in the

(5-GGGGTTAACGTCCGCGGTAATCTGGTAGA-3) where  pool continued to increase until the seventh cycle of selection.

the SCBE is fully mutated (bold). The DNA amplified after seven cycles of selection, failed to form
DNA-binding reactions (1Ql) containing binding bufferl(®),  protein—-DNA complexes with the luciferase control lysate,

SOX9 or SRY protein and radiolabelled DNA were analysed bindicating that only SOX9 protein present in the reticulocyte

EMSA. In competition experiments, binding buffer, protein andysate, was responsible for the observed enrichment.

unlabelled competitor DNAs were incubated on ice for 10 min DNA from 79 of the selected clones was sequenced and

then radiolabelled DNA probe SOWT added and incubated foraligned. Sixty-eight of the clones share a CAAT sequence—a

further 20 min before analysis by EMSA. For the determinatiofeature of SOX binding sites (FigB). Of these, 14 contain two

of dissociation constant€{), binding reactions contained a fixed or more CAAT sites. The varied separation and orientation

amount of protein incubated with increasing amounts of DNAetween these sites on different clones and the minority of these

probe ranging from 10 to 162 nML€). Quantitation of particular clones in the total population of selected sequences,
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Cyclens. 0 1 3 5 7 7

| soxe  |Luc|
ti} Single CAAT:
Upper strand: ggatcc’ t T TTCCCGTT tte
tcotg AARACA GTAmG\.TAC tte
ggatcctgtcg’l\}WT)\CTACCmmTAC\.Cmgaggcglabtc
ggatcotgtogTAACT! GCACCTAAAT: te
ggatcctgte TTTATACGTCTAC tte

ggatcctgtcgTACAAAGTAACANTCGGTTTTAACTTgaggegaatte
ggatcctgtcgCGTCAATATGACTTCCATCTGGAAGCgaggegaatte
ggatectgtcgAGAACAATGGCCAAGACGTACATAAAgaggegaatte
ggatcctgtcgCTACATCACAATGGTCTCTCACTATAgaggcgaat te
ggatcctgtcgTGGTCATCTGCAATAACCACCTTAGTgaggcgaatte
ggatcctgtegGATTATTCAAAAACAATAGACACCGCgaggegaatte
9gatcctgtcgTGAACAATGC TATCTTCCCACATGTAgaggegaat te
ggatcctgtcgCCACA GAGTA te
ggatcetg C. TATGGCTACAAG gaatte
gga gLcgGATTATCCARRA TCgag tte
ggatcc[gtchTATAACCCm‘B‘CATCGWICCCAgaggcgaaLr.c
ggatcctgtogAAGCCAATTCTAAATTATCCCACATCgaggegaatts
ggatcctgte, qGGTAGTCCCAA‘rGTCCT\:T‘TCTGACTgAgg gaatee
ggatcctgtegTAACT 3CGCC te
Lower strand: guutL:gcc(cxl’mﬂ:xu’l’ca’!‘csc:cswc«A]‘A :gacaggatce
gaattcgectcTGTCATGTAAMACAATGGCACGTAGCgacaggatec
gaattcgecteCGAAATGCTTAAGAACAATAGGGTCACgacaggatee
guattcgcctcmmTGGCGTAGGAAuCACGANuCga"aggatcc
gaattcg TTAGATAGCGAA
gantthcctchmTAG’mMAGWANmT:gucngga\'.cc

gaattegectcACTCH
gaat togoc LoTAGGCCCTAGAACAATGARCGATAAGE gac agga o
gaatrtcgccteGAT TGGTTAGAAT t
gaattcogec Lo TTGAC: GAAAG e
gaattegecteTG T CCTCACK tee
gaattcgectocAGAR
gaattcgectoGTCGGTACAATAGCCAGAAGAGTGTCCgacaggatae
gaattcgee tcAAGTAAMACAATAGAATGCCTTCAGTCgacaggatee
aattcgectct GGC] AACGTAATTT: tece
gaattcgcctcCTAGTCCCTGCATAGAACAATGGAGTcgacaggatae
gaattcgect TATCGAACGACGC tee
gaattcgectoTCGAGAAGCTTGAGAACAATAGAAATCgacaggatcc
gaattcgoctcTATCTAGTGAARGC, TGT tcc
gaattcgocteAGAA TGGTACAACG s
gaattcgect cmCCCAmAMCAATGGAATAGCTch aggatce
gaat LeTG oo
gantl’.cgcc A TCCCCAGATATAAG tce

gaattegectcTAMA CTTAA t
gaattcgoct cTATGAACA TTTGTATAG
gaattegectoCTA' TTTGTATCS tee
gaattcgectcAGT: AGTGATATC tee

gaattcgectcCCAA ARATCCCTG tee
qaattcgcctcTATACACAuA’ﬂ‘mCM’I’GACAGA».ch aggatce
gaattcg

guac(:cqcctcﬂnmﬁMTAGACBCTANATAGcgacaqqa cc
gaattcgecteTTG TGCCTTA g
gnzmgcc:cWAWTAﬂAcAmNAAGchc-gacaggar.c.
CtcTAAA cc
gaatCLqcc(c’n‘GA"AGLvTAAGAMGCMACAANGgACquB cc
(ii) Two o ©.

Same strand: ggﬂtcctqtcg’ﬂ'\'l(‘lf‘ TTTCGS tre
gaatt ~g~:LcACAﬂACGAmAGmAmNCAA'I\:ga-aggn ce
gaattcgectcCAACGTTCCAA tec

gaattc gcc:cmmccccm'rmmn-a,;\mmga—aggsc c
Different strands: ggatcctgtog TCTATTGTTACT! tre
ggatcctg[ch’K‘AACCT}\’]‘CTGTCAAﬂ‘GTACTCNgaggcgan\:!c
ggatcctgtcgGAAAAACGC ATTGATCTGTCAATGTTgaggcgaatte
ggatcctgtcgCoCTATCATTOTTCTTGTCARTCGAAgaggegaatte
ggateetgtogTTATCTTTGCATGTTCAATTGTTCTAgaggCgaatte
ggatcctgtcgACAGACATTGTTCTCATGT tc
ggat cc[g\'.cgAL.’PCCA'I‘T(.'!‘I‘C’I‘]‘X']‘CAATAC’ICRTjaggCgaat e
99 gtcgCAAATTGTTGTAT
ggatcctgteg TACCTATTGTATT “‘...\rr
ggatectgtcgTCACAATTOTTCTCTAATGATTO I gaggcgaatte
(iii) TCF-1/LEF-1_type:
ggn\:cc!qtcg’l‘}\m’!‘mmmmmmug;ggcgaa te
gaattcgee CGCACTTTAAAACAA
gaa:ccgcctcmmwummmﬂcgacaggacc~
gaattcgectcGGAGGTGGGTCACTAACARAGAGGAT gacaggatee
ggatectgtegTCATACTTCTCTACCTCATGATCARAgaggegaat te
(iv) ith _oth ces:
ggatcetgtegGAAGTCTAGTTAGTCTGACTTAAATAgaggcgaat te

ggatectgtcgCGTTCTACCATAGTCCTCTTCTCTC Tgaggegaatte
ggatcctgtegATTICTATCGTICTCAAGCTTCTCGAgaggegaat te
ggatcctgtegTAGTCCATCOTCGCCTATCAACTTGGgaggcgaatte
ggatcetgtcegGCTTGATCACCTAGTGTTCTCCTTCCgaggegaatte
ggatcetgtcgGCATGGTGTATTATTCTACCACAACTgaggegaatte

30 27 45 27 73 78 0 100100 7 30 18 32 30

10 2314 44 8 3 0 0 O O 58 66 38 23

29 2516 8 8 41000 ©0 0 4 11 14 19

31 2525211115 0 0 0 93 8 5 16 28
C 1SUs

N N|[A G A A C A A TG G|N N

O-100O P>
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suggest that SOX9 binds DNA as a monomer [E(dii)]. These
additional sites most likely arose from independent selection.
Frequency analysis of the aligned DNA sequences shows the
preferred DNA-binding site of SOX9 to be AGAACAATGG,
which includes the SCBE, AACAAT. SOX9 shows a preference
for 5 AG and 3 GG nucleotides flanking the SCBE (FRf).

Five other clones contain the DNA sequence (A/T)(A/T)-
CAAAG, the DNA-binding site of TCF-1 and lymphoid enhancer-
binding factor, LEF-119,20) [Fig. 2B(jii)]. Six clones share no
similarity with other oligonucleotides selected by SOX9
[Fig. 2B(iv)]. Further, these clones do not contain @amyivo
DNA-binding sites of SOX945). By EMSA, SOX9 bound
these six clones with 2—10-fold lower affinity when compared
with AGAACAATGG (results not shown). It remains to be
established whether SOX9 recognises specific sequences or
unusual DNA structures {,21) in these clones.

Analysis of SOX9 binding to AGAACAATGG

To verify that the nucleotides flanking the SCBE in AGAAC-
AATGG enhance binding, the flanking nucleotides were varied
and the mutant binding sites tested for their ability to bind
full-length SOX9 (Fig3A). The affinity of full-length SOX9 for
AGAACAATGG (S9WT) is 3-fold higher than for DNA probe
S9ML1 in which the flanking'5AG and 3 GG nucleotides are
mutated. Full-length SOX9 binds DNA probe S9M2, containing
the 3 GG but not the 5AG nucleotides, with intermediate
affinity. Thus both the '5AG and 3 GG nucleotides enhance
binding by SOX9. Competition experiments confirm this since
SOWT competes most effectively for binding of full-length SOX9
to SOWT, followed by SOM2, SOM1 and AllMut, a probe with the
SCBE fully mutated (Fig3B). SOX9 HMG domain shows the
same preference as full-length SOX9 for the flankingG and
3' GG nucleotides within the SOX9 preferred DNA-binding site
(Fig. 3C). Accordingly, binding affinity studies (Fi§D) show the
affinity of SOX9 HMG domain for SOWTKG = 12.4+ 2.5 nM) to
be [b-fold higher than for SOMIK{ = 66.0+ 16.2 nM). These
findings suggest that both thé AG and 3 GG nucleotides
contribute to binding by SOX9 and that the HMG domain is
sufficient for recognition of these flanking nucleotides.

We compared the affinity of SOX9 for it vitro preferred
DNA-binding site (SOWT) witlin vivo DNA-binding sites of SOX9
and TCF-12,19) (Fig.4). The affinity of SOX9 HMG domain for

Figure 2. Analysis of DNA selected by SOXA)Y EMSA analysis of pools of
SOX9-selected DNA-binding sites. Each DNA pool was radiolabelled and used
as a probe in an EMSA with full-length SOX9 or luciferase (Luc). The number
of selection cycles is shown below each lane, where 0 denotes the random R76
oligonucleotide. Proteins (3 nM) were incubated with radiolabelled DNA

(9 nM). The complexes formed were resolved on a 4% non-denaturing
polyacrylamide gel. The DNA—protein complex is shown by an ariwAg
alignment using PileUp showed a CAAT DNA sequence present in 68 of 79
clones. Sequences were grouped according to clones that contain (i) a single
CAAT, (ii) two or more CAATSs, (iii) a TCF-1/LEF-1-like binding site and

(iv) clones with no apparent similarity. Uppercase letters denote the 26 bp
region that was random in the initial probe, R76. Lowercase letters denote the
common sequences in R76 including BeeR| andBarH| cloning sites. The
predominant base at each position within the SOX9 preferred DNA-binding site
is shown in bold. Clones containing two or more CAATSs (i) are italicised.
(C) Using the sequences aligned in (B), the percentage of each nucleotide is
given at each position in and around the CAAT. The preferred DNA-binding site
of SOX9 is AGAACAATGG (boxed) which contains the SCBE (underlined).
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SaM1 TAAACAATAR
SomM2 GETAACAATGEG
SO9WT AGAACAATGEEG

B 12 3 456 78 910

Competitor - - AllMut S9M1 SIM2 SOWT
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SOXg/DNA | égéég%gg
2 40 S0X9 CE S T SR S e
3
£
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B
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N o SOX3 HMG P | . vt i
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=

@ & Free DNA P |
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SOX9 HMG P | T & probe SOWT
/ DNA 4 o 24 Ky=12.4x25nM
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5 15 = - .
2 g *
w 10 B 19 probe S9M1
2 K,=66.0 + 16.2 nM
a & . :
5 -‘l—L_._H__T_.
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Figure 3. Contribution to binding of flanking nucleotides of the SOX9 preferred DNA-binding AjfdENISA of full-length SOX9 with three radiolabelled DNA
probes (upper panel) representing versions of the SOX9 preferred DNA-binding site. Mutations within the site are showBindihgldeactions contained
full-length SOX9 (3 nM) and radiolabelled DNA probe SOWT, S9M1 or SOM2 (2 nM). Only the protein—~DNA complex is shown. Taghlsirayvs the percentage

of each DNA probe bound by full-length SOXSBE). Values shown are the mean of three experimB)Sofnpetition analysis of the specificity of full-length SOX9
for DNA probe SOWT. Full-length SOX9 (2 nM) was incubated with radiolabelled DNA probe SOWT (10 nM) with no competitoiofiamé2)presence of 100-fold

(1 uM) or 1000-fold (1QuM) molar excess of unlabelled competitors: AllMut (lanes 3 and 4), S9M1 (lanes 5 and 6), S9M2 (lanes 7 and 8) and S9Vefdlanes 9
10). Lane 1 contains radiolabelled DNA probe SOWT alone. Only the protein~-DNA complex is SBoBMIA of SOX9 HMG domain with three radiolabelled
DNA probes [(A), upper panel]. Binding reactions contained SOX9 HMG domain (3 nM) and radiolabelled DNA probe SOWT, SOML(@rr88MOnly the
protein—DNA complex is shown. The bar graph shows the percentage of each DNA probe bound by SOX9 HMGSBjn&aifes shown are the mean of three
experiments.d) Scatchard analysis of the equilibrium binding of SOX9 HMG domain to DNA probes SO9WT and S9ML1, in which the latter haS' miutb8ed
nucleotides flanking the SCBE. Binding reactions, containing a fixed amount of SOX9 HMG daB®&inM) and increasing concentrations of DNA probe
(10-162 nM), were resolved by non-denaturing gel electrophoresis and bound and free DNA probe quantitated from threesggréoimeck in duplicate. An
EMSA, representative of one experiment is shown in the upper panel. A Scatchard plot is shown in the lower panel. Totteplodmésthe mean of duplicate data
points from one experiment and #gs given represent the mean from three experime&£)( The active protein concentration of SOX9 HMG domain was estimated
from the averagg-axis intercept value of six Scatchard plots to be 3Z& nM.

SOWT is 9- and 4-fold higher than for the two type Il collagen geneligonucleotide selection assa) §hows that flanking'STA and
regulatory elements (DNA probes COL2C1 and COL2C23' AG nucleotides are more commonly selected by SRY. To test
respectively). DNA-binding to SOWT is 2-fold higher than for thethe contribution of these flanking nucleotides to binding by SRY

TCF-1 site in the CD2-enhancer site (DNA probe CI2}- HMG domain, three DNA probes were prepared and analysed by
. _ o EMSA (Fig.5B). Affinity of SRY HMG domain for its preferred
SRY prefers particular nucleotides for DNA-binding DNA-binding site (SRYWT) is higher than for probe with

To establish whether a different SOX protein, SRY, also bind@utated Sand 3 flanking nucleotides (SRYM1). SRY HMG
preferentially to the SOX9 preferred DNA-binding site, thedomain binds DNA probe containing theA& but not the STA
binding affinities of SRY HMG domain for DNA probes SOWT, nucleotides (SRYM2) with similar affinity to SRYWT, suggesting
S9M1 and S9M2 were compared (F58). In contrast to SOX9, that only the 3AG nucleotides contribute to binding by SRY
SRY HMG domain exhibits comparable affinity for all threeHMG domain. Thus SRY prefers particular flanking nucleotides
DNA probes suggesting that there is no observable preference toat differ from those preferred by SOX9. We investigated
the particular flanking nucleotides that are selected by SOX%hether other SOX proteins show preferences for particular
Inspection of sequences selected by SRY iniranvitro  nucleotides flanking the SCBE.
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CO2C1 cccACAATGC A
COL2C2 T CATGAATGG
CD3¢ AGAACAAAGEC ?’;‘;:MG >
SIWT hGA ATGG E; a0 S
e m -
I DMNA -
]
g 10
Free DNA B -]
2 e 0
g F o8 &
g 20 s g g
& D
5w B
. o w SAYM1 @CAACAATCT
o
g f? é) § B SRYM2 @ CAARCARATAG
[+ 8 SRYWT TAAACAATAGC
Figure 4. Comparison of SOX9 binding to previously defingd vivo
DNA-binding sites of SOX9 and CDS-EMSA of SOX9 HMG domain with SRY HMG P
four radiolabelled DNA probes (upper panel). Binding reactions contained / DNA
SOX9 HMG domain (17 nM) and radiolabelled DNA probe COL2C1, LTS
COL2C2, CD3e or SOWT (10 nM). Protein—-DNA complex and free DNA are B
shown. The bar graph shows the percentage of each DNA probe bound by = A0
SOX9 HMG domain£SE). Values shown are the mean of two experiments. ‘g 5
B
] 1]
Table 1.Nucleotide preferences for DNA-binding of -~ ] &~
- = = é‘-
SOX proteins i: E}'
o o &
Protein In vitro preferred site Reference
SOX9 | A 6 AACARATGG| Thisstudy Figure 5.SRY also prefers an extended DNA-binding s.EMSA of SRY
Sox17 A G GACAATG 10 HMG domain with three radiolabelled DNA probes: SQWT, SOM1 and SOM2.
SRY T/AT/AAACAATAG Binding reactions contained SRY HMG domain (3 nM) and radiolabelled DNA
probe SOWT, S9M1 or S9M2 (2 nM). Only the protein-DNA complex is
Sox T WARACARATA shown. The bar graph shows the percentage of each DNA probe bound by SRY

HMG domain £SE). Values shown are the mean of three experiments.
(B) EMSA of SRY HMG domain with three radiolabelled DNA probes (upper
panel) representing versions of the SRY preferred DNA-binding site. Mutations
within the site are shown in bold. Binding reactions contained SRY HMG
domain (2 nM) and radiolabelled DNA probe SRYM1, SRYM2 or SRYWT
(3 nM). Only the protein—-DNA complex is shown. The bar graph shows the
percentage of each DNA probe bound by SRY HMG domeft). Values
shown are the mean of four experiments.

In vitro preferred nucleotide sequences of DNA-binding
sites of SOX proteins, determinedibyvitro oligonucleotide
selection assays. The DNA-binding sequence of Sox17 is
composed of two AACAATS in opposite orientations with
different flanking nucleotides. The preferred sequence of one
of these is shown. Flanking nucleotides are shown in bold.

DNA-binding preferences reflect sequence similarities

between HMG domains of SOX proteins (Kg=12.4+ 2.5 nM) is comparable with that reported of SRY to

Analysis ofin vitro selected DNA sequences by other SOX proteinés preferred DNA-binding sitég = 10 nM) ¢2). In contrast, the
also suggest the preference for particular nucleotides flanking thMG domain of SRY shows no preference for th&G and 3
SCBE (Tablel). SOX9 and Sox17 prefet BG nucleotides, while GG flanking nucleotides selected by SOX9. SRY prefers a
SRY and Sox5 prefer §T/A)(T/A) and B T(T/A), respectively. DNA-binding site that includes flanking BG nucleotides. The

Further, SOX9 prefers &G nucleotides and Sox17 a singlgs3  binding site of SRY on DNA, as revealed in our experiments, is
while SRY prefers '3AG and Sox5 a single 2. longer than the 7 bp footprint defined by methylation interference

(23). We conclude that the differences in the HMG domain amino
acids of SRY and SOX9 produce differentitro DNA sequence
specificities which are likely to reflect differantvivo DNA targets.
Inspection of the NMR structure of the HMG domain of LEF-1
DNA-binding site of SOX9 to be AGACAAT GG which in complex with DNA suggests particular amino acid residues that
includes the SCBE (bold) and flanking/AG and 3 GG. These might determine specificity for nucleotides flanking the SCBE. The
flanking nucleotides enhance DNA-binding of SOX9, sincesequence of the LEF-1 binding site in the T&€Renhancer
affinity is reduced when these nucleotides are mutated. This is ttETCAAAGG) bears some similarity to the extended site bound by
first evidence that nucleotides flanking the SCBE play a role i80OX9, in that it includes flanking' &G nucleotides20). In the
DNA-binding. Both full-length SOX9 and its HMG domain NMR structure of LEF-144), amino acids Lys27, Glu28, Ser29 and
alone show a preference for binding the 10 bp extended site. \W&a30 are involved in contacting one or both of tHeGE5
find that the binding of SOX9 to its preferred DNA-binding sitenucleotides present in the LEF-1 DNA-binding site. An alignment

DISCUSSION
In the present study we defina vitro, the high affinity
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of the HMG domains of LEF-1, SOX9, Sox17, Sox5 and SRY3 Lefebvre,V., Huang,W., Harley,V.R., Goodfellow,P.N. and

reveal the corresponding residues in the SOX9 and Sox17 HMG de Crombrugghe,B. (199Kjol. Cell. Biol, 17, 2336-2346.

domains to be Leu, His, GIn and Ala, respectively, and those in thé \’;'V?i‘L'J" Wheatley,S., Muscat,G.E.O., Conway-CampbellJ., Bowles, .,
. . ght,E., Bell,D.M., Tam,P.P.L., Cheah,K.S.E. and Koopman,P. (1997)

HMG domains of SRY and Sox5 to be Met, Arg/His, GIn and Ser. pey, Biol, 183 108-121.

Thus the specific residues in these four positions appear to correlage Lefebvre,V., Li,P. and de Crombrugghe,B. (199B)BO J, 17, 5718-5733.

with the 3 flanking nucleotides preferred by each SOX protein. 6 KentJ., Wheatley,S.C., Andrews,J.E., Sinclair,A.H. and Koopman,P.

Furthermore, it may be worth noting that Ala30 is conserved in_ (1996)Developmentl22 2813-2822. _

LEF-1, SOX9 and Sox17 which all prefer a@ following the ' Ssvz'l:‘_’gfd'N('e"RH"’(‘%ggﬁ;thgrY;tf‘;’oggfg%""’P'N’ Swain,A. and

SCBE, while this Ala is substituted with Ser in SRY and Sox5,g HarIey,V.R? Lovell-Badge,R. and Goodfellow,P.N. (1994)

which both prefer a '3A following the SCBE. The similar Nucleic Acids Res22, 1500-1501.

DNA-binding preferences and residues at the region involved ir® Denny,P.,, Swift,S., Connor,F. and Ashworth,A. (1989280 J, 11,

contacting the '3flanking nucleotides suggest that SOX proteins  3705-3712.

~ ; ; ; . 10 Kanai,Y., Kanai-Azuma,M., Noce,T., Saido,T.C., Shiroishi,T., Hayashi,Y.
have co-evolved with their DNA targets to achieve DNA specificity. = YazakiK. (1996). Cell. Biol, 133 667681,

. The profiles of SOX9 expression in many adUIt_am_j foet%l Harley,V.R., Lovell-Badge,R., Goodfellow,P.N. and Hextall,P.J. (1996)

tissues suggest that SOX9 acts upon several targetigaes FEBS Lett 391, 24-28.

(6,7). Compared to SOX9is vitro preferred DNA-binding site, 12 Ambrosetti,D.C., Basilico,C. and Dailey,L. (199@l. Cell. Biol, 17,

SOX9 binds sub-optimally to two SOX9 binding sites from the ?332}}6223- Santa Barbara. . Desd M. Soullier S, Moniot B

oulat,F., de Santa barpara,r., besclozeaux,Vl., soullier,>., ivMioniot,b.,

C_ol2a1 e.”hanc.er: .We postulate that the presence (.)f enha.‘nCé?s Bonneaud,N., Boizet,B. and Berta,P. (192iol. Chem 272 7167-7172.

with va_rylng affinities for SOX9 mlght contribute to differential 14 Foster,J.W., Dominguez-Steglich,M.A., Guioli,S., Kwok,C., Weller,P.A.,

regulation of target genes. Stevanovic,M., Weissenbach,J., Mansour,S., Young,!.D., Goodfellow,P.N.
SP1 and YY1 are two examples where tieivitro selected et al. (1994)Naturg 372 525-530.

DNA-binding sites represeitt vivorecognition sitesA5-27). A 15 Smith,D.B. (1993MethodsMol. Cell. Biol, 4, 220-229.

database search for DNA regulatory elements bearing the hiéﬁ Stone,S.R., Hughes,M_.J. and Jost,J.P. (1_991) In Jo;t,J.P. and Saluz,H.P.
L o : (eds),A Laboratory Guide to In Vitro Studies of Protein-DNA

affinity SOX9 DNA_—blndmg_ site reve_algd the best match to be | icractions Birkhauser Verlag, Basel, pp. 164-184.

AGAACAATGC (mismatch in bold) within th€ol4a2enhancer. 17 Ferrari,S., Harley,V.R., Pontiggia,A., Goodfellow,P.N., Lovell-Badge,R.

By EMSA, this element forms a complex, which is specific for  and Bianchi,M.E. (1992EMBO J, 11, 4497-4506.

cells that make collagen IV, and is therefore a promising candidazltg PO"C;CKVF\%/- and Trslisrgan,R. (199€|n)|\EIeiB Acids geslg 8197—62'_(')4(.1991)

H van de etenng, . osterwege, ., pbooljes,D. an evers, .
gene for regulation by SOX28). EMBO 1. 10, 123132,

20 Travis,A., Amsterdam,A., Belanger,C. and Grossched|,R. (1991)
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