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Structure determination of human SOX3 HMG box-dsDNA complex
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Abstract

L RASEEFRAZHET 2 HE L X VNV A TH S, IEERFO 1 DTH S SOX3 I, WMFAFAOMIEZF 2
EERT SRY DA TH 2 L EZLNTED, AXARHNTIVEED—HOEMHEIMICB N THEREICEST %, A
W72 T, SRY & SOX3 D DNA ERHEDEWZREEMICHTT 2728, t b SOX3 & ARSI DNA & OE &Ik 2
XS G AATIC K O TE LTz, ZOR5HE, SOX3 & SRY T DNA FZayktEoU Vg & OMHAIEHOEWX D, EEK

TITHEE T % “AGH DNA Oh 2222 2 T LWL ETxo Tz,

1. FL&IC
1—1. HHIRISMEICEAE T HEERFSOX 773 —

2 287 BOFBIEC X, kK SRR RS
2N EINENTNOFREIEK & 7% % DNA B8l & FE 5
THEWRETH D, EHIT, WG IR HITHIK
FORAER T 75 £ OB R TFIEREE O DNA BlSICH &
% L TEFZ X0 IFREICHIEIL T 5,

v FDHEENTDSH, SOX ZN\7E T 732U — (L4
%, SOX 2RV 7 7 2V —7HIT SOX XA/ H &
LFLT %) [ FFEDORRA BB TGl 2 H 5 $5 5 K+

1—2. SOX Z/\ &80 DNA S5511E

HMG R 7 A D &\ B4 AE AR 2YER B i & 7 %
DNA L DEFICHBETH S EEZ BN S, LML, SOX
2N EBHRETHERHEBIZTNENR LS &
5, HMG Ry 7 AN TRIFHEDIRNT 2/ b FR Ak
D DNA I KT B BU R EATVE EEZ LN TV,
% T °C, DNAGBBHM OB WEER T /201, & b

Table 1 Summary of the SOX family comprises nine groups.

TH b, FREOGEBIIILNT 72812, & hox T AU Subfamily  Member Chrom?somal
" N . positions
& 203%%:&?) SOX & /sz\éjz ﬁfﬁ%o ‘jft, %“QEEEJ SOXA SRY YpT12
RIS K > T SOX Z VRV EId 9o DY 7 7 ) — SOX B1 SOXA1 13q34
T T ens, BlzE, 77 )NV—7TH% SOX Bl 7 SOX2 3g26.33
7 2V —ICET % SOX2 IZHIHIIE & ES Ml 2 b M SOX3 Xq27.1
ICBF BEEETT, AHITD S A TOZHEMEHLIN GPS SOX B2 SOX14 3922.3
) AU TTS IV T BETD 1 DTH B, £ Sox21 199321
L B o XS, SOX C SOX4 6922.3
SOX C 7 7 2V —® SOX11 i FEhififamn, 5 FEhi = 2 —n SOX11 2g25.2
ADGEICES L, SOXF 77 U —D SOX17 ZHIR SOX12 20p13
DML, SOXI8 XMV >/ SEKICE S LTV 3, SOXD ggig ﬁ"%;
SOX % 287 FUE TN D DREDSERNC IS 5 720 Sox13  1qs24
T7% <, SOXA 7 7 2V —O SRY lX M % e § % 50 SOX E SOX8 16p13.3
fi T TEH % (Table D[1]le TNHDEEZ T IV—TD SOX9 17924.3
SOX & > /87 B ORI KL TN E D0, HEL SOX10 22q131
72 DNA #54 R XA > C& % high mobility group (HMG) R SOXF 28?:7 22??';3
v 7 AEENT 2 BRI R, SOX18 20q13.33
SOX G SOX15 17p13.1
SOX H SOX30 5q33.3
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Figure 1 Crystal structures of SOX family bound with dsDNA. Crystal structures of (A) SOX2 (PDB 10X4), (B) SOX9 (PDB 4EUW), (C) SOX11
(PDB 6T78), (D) SOX17 (PDB 6L6Y), (E)-(J) SRY (PDB 1HRY, 1HRZ, 1J46, 1J47, 2GZK, and 9BVD) are shown.

D SOX 2V IN7HE D55, SOX2 (PDB 104X)[2], SOX9
(PDB 4EUW), SOXI11 (PDB 6T78)[3], SOX17 (PDB 6L6Y),
SRY (PDB 1HRY[4], 1HRZ[4], 1J46[5], 1J47[5], 2GZK[6],
9BVD[7]) @ 5 FE $H T HMG KR v 7 X & — A #§ DNA
(dSDNA) & DA ARG DY X KRAS Sk G ARHT > TA T NMR

K DT ENTER (Fig. )o TNHOFERNS, HMG
T/ 7 AL 3ARDANY w7 Z (al, 02, a3) EHAICH S
2DDI—=TH LRI O BENZMEZ KT 5T &
Moo T3, E5IT, HMG R 7 RIREE N5
BT X/ BOBUKMEMEAEERIC K O EEZ et %
TWiz, F£72, HMG R 7 AR RN EER &V
VIR R — Rk EICH BRI S 5 A IR R R AR BAE
FIC LD DNA A LTV, LA > T, HERED
FHEVEFD DNANDFIF I ZHE L T B L EZ BN,
UL UEA S, 72/ BRI Z T 5 &, Mk
FERINIC DNA EHAERAT 2IER2TDT 2 /BB SOX
ZUNTEMTHREESN TS FEERL TV, &5
P2 % SOX XN EMTT 2 /BMAFEINTY
%, BEBZHEEHZIERL TOET—ABFET S
EWG, ZFOMAERBRIE T0ICBRTE THRVON
BHIRTH %,

iz,

1—3. HILEONRE

HFLEIC B 2 HEEICE D % SRY I, £ 204 5%
D5 B 55 FBAMNDS 141 FH (87585 ICHMG Ry 7
AWFEIET %o SRY-dsDNA #5514 D4 E & 7 AT (PDB
9BVD)[7] I K D, SRY &#iih L7zfhod SOX % 2787 HF
FEIC dsDNA ICHEA L, dsDNA ZJgith &/ 25T S0X9 D
IEGZEHMT 5 LEZENTVS [5].

—J5, AV RRAZHRYFAHIIVEIZ U E Lot
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YrcidMtrt 2 R E 9 5 I TIE SOX3 TH B EEDNT
D [8,9], SOX3(E SRY DML XV IRV ETH B &#
ABNTWS, £7, kI SOX3 &k k SRY ® HMG K
W 7 A& 73% OEFIFHFEIMEZ RS E DD, DNA BLHIAD
BHMEOBODNTRBENTWS, T2 T, AF%ETIEE
SRY &t b SOX3 1D HMG Ry 7 RICHEH L, E72MHE
MABTH % SOX3 HMG Ry 7 A D X Fiis St it ic
X o T, & MIHBWTSRY WEREZEHE S 7 10—
i S SRl = E =1 O

2. SOX3HMG KRy 7 ADKEFAE & dsDNA L DESHE
DSt
t b SOX3 HMG ;R 7 X & HMG R v 7 ZAH RS
% dsDNA & OEERD VI IRKE Z ffiT 9 2 7zdic, t
I SOX3 HMG R v 7 ADKaii#lziEH 7z, & SOX3
HMG R 7 A0 N AN His, X 7 &V > h—lih) 7%z &
TEhE 2 2808 (LIt%, Hisy X 7ElE © b SOX3 HMG
Ry 7 A% SOX3 L DAKFLT %) 2R 2 KIGHEFED
TIAI Ratat U, KGR SRR TREREB U,
KERHENTZSOX3WENI T T4 =T 47 T 57
=t Mo aR N5 T o —ciid B & T,
ﬁ%@ﬁta SOX3 DRI K LTz, 155Nz SOX3 11k
B LTz dsDNA LG LIzDE, FIVy T b7 veAs
LLJ: D SOX3 & dsDNA DEG Lz RSz, Ric, T
T 7w A TRDIGREGICHE > T SOX3 & dsDNA %
BELERRIZERANTY Yy 70 7 Ry TRKHLEGE

Ko THERIE L, EEROWIHE S22, %O)?(ﬁ ]
HAAE S OSSR 2 RENC G 5 T & T, o f#RED

L, WEOMREE 273 A OEG KSR ZISS C LITHK
L7z (Fig. 2A),

ST AN



(A)

Figure 2 The crystals and X-ray diffraction of SOX3-dsDNA complex.
(A) Crystal for diffraction experiment. (B) X-ray diftraction
of SOX3-dsDNA.

3. SOX3-dsDNA {E&{EDiEERET
BENTHEEEERE, & 3V —hdgairsekiss >
4+ b 772 U —0DBL-1A ZF] LT, SOX3-dsDNA
BEERD XIRIAPT G zESd % C LIk L7z (Fig. 2B),
‘Bonizlair 7 — ZIEREFED SOX % > 737 8 —dsDNA 1
G2 L U Ty riEffieit- 7, LAL, 2nb
DA AEHI D dsDNA DEFIEDEW A D3 ik
EWEREICK-T (Fig. D, EOEGREHRELTEY
TEPGEIC X B E R Lz, 22T, 2R
H - BB E SR DO Tl £ AIEE & 7% - 7z AlphaFold3 (https:/
alphafoldserver.com/)[10] 7 F > T SOX3-dsDNA # &K D
THMEEZERR L, THEMEZHETE L TH rEl .
ZOFER, FEFRHEAIHNIC 2 #10 SOX3-dsDNA E 1A%z
H9 3 EEEEENE SN (Fig. 3), SOX3 & thd SOX %
VR EABRIC N K & CRERDIV—T, 3 DDANY
IR, FNEDON) vy I AEZBI)NV—TTEKEIN TN
Joo BAYVYIVIS=RKRAZFT RAALY, InT 4 2V H—
75 & ORI E R T dsDNA O " HE 58 AMhEIic B
SNBWEOINNE (W) ICHEET 3 [11-13], —75, T
no LIFHRE D, SOX3 IEREHID SOX & >/ 7 EAkIC
ZHLHEAMEDOROEOREFEICHES L Tz, Xic, JE
FFRENHICHELE T B 2 DD SOX3-dsDNA #5114k % HEia
HOY TIERFRENIARO 2 73 TR OEWZ G- L7z, Ak
DEWVIE, SOX3 I L TIEINTOFH Ca T, DNA
KR LTI XRTOY VEFOHE—HFHONMED TN
DI — 3l 7= (Root Mean Square Deviation, RMSD) T
KOFHB L7z, ZOFERE, SOX3 Tid 042 A, & Z8H

PF NEWS Vol. 43 No. 3 NOV, 2025

Figure 3 Crystal structures of SOX3-dsDNA in the asymmetric unit.
SOX3, sense and antisense DNAs in one complex structure
represent blue, sky-blue and wheat cartons, respectively.
Another molecule in the asymmetric unit shows white cartons.

DNA TIWE 123 A, 7V F > A DNA TIX 096 A T,
FERTRRHENI D 2 70 Fid K —B LIRS =R LTz,

4. FLHESEDEE

%2 D SOX 2878 L dsDNA & DIE SRS AT A
BonTERD (Fig 1) [2-7,14-16], THE T SOX3 DIT
EHSEEANHTH > oo SEl, XNTH - BEEEA KT
HIETF NV EEKTE S X S I E Nz AlphaFold3 7 1%
ML, e IV Es TEROEE UTRHHT 22 2T,
TS THID T SOX3 & dsDNA & DE S ARG 2 TS %

(A)

(B)

Figure 4 Closeup view of the DNA bending site. (A) Closeup view of
the DNA bending site of SOX3. (B) Structural comparison of
the DNA bending site between SOX3 and SRY. SOX3, bases
in sense and antisense DNAs bound with SOX3, SRY, and
bases in dsDNA bound with SRY represent as blue cartoon,
green sticks, orange sticks, gray cartoon and gray sticks,
respectively.
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T LIS EN Uz (Fig. 3), & b SRY-dsDNA #5444 (PDB
9BVD) &, ZOHERTH D, AWIFETHIGEIE Lz
I SOX3-dsDNA #HAMEIE 2 L9 2 &, dsDNA 7z i i
&4 % Phe8 & Met9 (SRY Tl 1le9) MISHDEEITEWD
Hons T ehbhoiz (Fig. 4), F7z, 3DNA[17] &2
W Phe8 35X UF Met9 (SRY Tld 11e9) EAMHESEH LTV
BiFEomfAERD S L, SOX3 TIXSRY &b K&k
R DR R LTz, TOXIIC, BIEE TIC SOX3 &
SRY DS AREE D L h &, FHEAEH OEWICEY
HLUTOWAREZEBAHET T EICKINL TV 5, 514,
W& S HEE LTz SOX3 & dsDNA & OFHE/EfICEE &
MEINZHRO SR AZTRL, BEEMIT D5 C
ETSRY & ZDMEHZ VS ETH B SOX3 L DI
— BEREHBIOMIEZH S M LT E L,

EF

AGFZED X KREHTRER I, & T )L F — ik ds i 25
WHET + w77 27 b —OMHFEF R GRESRS
2021G507, 2023G511) I K> THi L TE 2R RTH
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Abstract

MRa YAV ERICT ¢ Ty 7B FEMENSEEY0OSEE FIRER AT 2METH D, HilHE AR
RBi X SRR 2R MR a O AUk A & L THISNT W5, 4, NdBi K3 %<4 27 1 ARPES JlliEIC k> T
POEMAH cE RO / GIREROT Ty VETNHEFET LT ENHLN R0, KB N R a2 A e AR D
el bRV AIVEFHE UTIHIFE NI, AW Tl NdBi & 575 3 A %79 GdBi I LT~ A 7 12 ARPES
EZITH T LT, WHHTT « Ty VET2RET 20525 Uiz,

% 7z Photon Factory BL-28A DX 77 10 ARPES 2B 5\ C, TRIFEIC O B BE R 21T 5 72, T T TR ZEMEE < v

E Y THEIC T BAERIERE 2 EL, S5k mdh~y ¥ JHETHS on-the-fly PIEZFBI LT,

1. [FC&HIC

kR a DAV (T &, 2V 3 HBATH O
M5, RENCKEE AT (©) ICtREENTT v D
BREE LN REINEZET2METH S, TDT
4Ty 7EFIIERYOLRERD, KHGRTI VT —20H
RETEBRTENLHRBNTNAARAEY b= AN
DS THEHZED TV, TETE, THTEE
AU TR Z D, T Ty JETOI X
IWF—BICF vy TRIERT 5, $hbbEEZRE
ZRBMTONT VD, AWFETEH Ul siilt: bR o
T IVAERRAK (AF TI) TiE, [EMHORLZ YO THSICE
b 5d, 7 aARRKEENFREOBNICER Lz s
BEET Ty 7ETOHENFHEINTNS (1], LA
L, BBRZENC &I, AEENFE T, & 0 ZHiabE
AR S = 0T, WERNN R R R in it FRft & LT &,
OB (AF) TR ERYaDT « 5 v 7 ETFIRER L
TEETEBEREINTVS, SWVH#Z %L, Fig. lad
K975 AF XSS (A-type SOREETE EPHEND) BH R
fee &, Lo (001) M CTLEGRHETEIICRISIE— A > B
FEd 2720, 74T JETHEN CHEMNRREZ
KU THRZERT 5, —7/, flid (100) M (010) [fi
TRIEKOHLIZYaTH B2, T4 T v VB FITER
YOOEETHELEMMTES, TDXIIT, AFTIHIZ
ARER/ HEatoDT Ty JE AR URICHELT
B0, FOHZORENESEIT TELT 2 L0 ftho b
Ry HIWrEI i R EE R D,
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<A 71 ARPES JIliEZ1T> 72 [5]o NdBi lZYL/7MTH D
M ONE E TRETH B0, HERNIRHIFID Tz, FKERICT
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FlE WS BORFMEDTz8, EED AF R A1 2 DIEK
IRIVF—DEMTHO, 3HDO KA AL UMFFICEH NS
7D THB, BHIOKE, RAL NG T RIVF—5
BUCF vy TRIBRT 27 1 T 7B FIREEDRIE IR
L, NdBi TAFTIMHNFEHEL TVE T & ZFiL LTz, &
51, BTIKEORFREZFMICHITT 22 & T, HOR

Figure 1 Crystal structure of (a) NdBi and (b) GdBi with magnetic
moment orientations. The green arrow indicates the 77, vector.
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DN BN NIZT « T v 7B FIREDRFICDOWT
a9 B [T ETomIZIC, HlifT > 72 BL-28A D
BIZDOWTHET %,
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DS 1 mm/h OEE T 25 mm 51& N, EEAKH
KeBmBMBETIESOT, HWTHEEE 2°C /h T 1800°CF
TIRAZIC R, 100°C /h THIRE T Rz, BF5NIzHES
il XARIEHT & BEACRHE CRMERII L, Ty =275 K H'5
5Nz,

BZ2EEHL (VUV)-ARPES JlIl7E (X BL-28A T\, )t
1% 60200 eV &z, (001) FEEEEIE 1 X 107 Torr L4
FOEZETTHEBENT % C & THTz, WEHhOE TNV R
IR E BTG % T L VT E D ARPES DRHETED L
TT 4 T B FIREOBEERNZTT- 7,

3. ARPES AIEFER
3-1. BHHRICEITS FROJVHIVEFIRGE

VUV 7 FWISEEF o 1) 2 KUtz Vg,
KCRELTeT « F v VETORNZIT>7z, TTT,
HETFOEMH S DT O —THE & ARPES JIEICH T B
A7 M OME &= £ OREE (Tu—F=>7) &L
THNS, k- 70— RV IHEFEICKRS &, Bllch
ZEIREE L AACHE SN, TEIERLISHIET
2 EFIREDFERFCEINIE N5, Figure 2a il fec 7V ILT
V=& GdBi DT )V I H OB ERT, k- 7 H—
Rz 7@ 72 )V IWICH L TCEEMBEICERTE, k5
MICHE ENTZEHTEORE TV IVT VY — D
N%, Figure 2b I hv =90 eV, T = 40 K ( HHIMAH ) TH5
NI TMATRDINY R EZRT . k=0ICH%KT 5 hl,
h2, el N2 RICHIZ, k= nlCHKRT B3NV KT x
IV IHEQT (Ep) I DBEBFIREZ L TWd, iz, TR
W TRBETHERLTVWEONT Ty ZETFINY
RO TH3, 74Ty VETORNETHRETF v
v LRI EDHRICBIIE N T2, TORTIET
4T JETIREIE 3 DFELTHD, 585 2 D (D2, D3)
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Wave Vector

Figure 2 (a) Bulk fcc Brillouin zone together with the bulk Fermi
surface. The purple rectangle indicates the surface Brillouin
zone projected onto the (001) surface. Orange and green
arrows indicate the AF ordering vectors in the bulk Brillouin
zone and projected surface Brillouin zone, respectively. (b)
Plot of ARPES intensity as a function of E; and wave vector
along the T'M cut measured in the paramagnetic phase (7 =
40 K) with ~v = 90 eV. Red, blue, and black dashed curves
are a guide for the eyes to trace the Bi 6p (hl and h2), Gd
5d (el), and surface Dirac-cone (D1) bands, respectively. (c)
Calculated surface spectral weight along the 'M cut projected
onto the (001) plane, obtained with the Green’s function
method for a semi-infinite slab of GdBi in the nonmagnetic
phase. Black dashed curves trace the band dispersion of the
D1, D2, and D3 SSs. Black solid curves are the calculated
bulk-band dispersion at k. = 0 (I'X cut in bulk Brillouin zone).

& MBSO h1 32 R & el 2NV ROKEEFEBICEES B,
GdBi T\ R KEEDVNE Wz DICBHBRICBIIITZ T
TWe ULAL, Fig 2RI NY ROBOY I 2l —Y
a VHER T, DINY RZESD, D2, D3NV ROVHEE
NTW3, U EDOWHERNS, GBI Bthd RBi & [AFEICH
WM T S RO O VEIRIATH 5 L i LTz

3—-2. REHEMABICEITET 15y VBEFIRRE

WHAEAHTEMNE N T 0 Z v 7B FIREEDN, AF f
FILE>TEDKSICEMZZ T BDOMZHEMNCT %
78I A 7 1 ARPES JlliE 21T > 72 GdBi Tl A-type
D AF FRFED [111] HTANCEEET % 728 [Fig. 1b], AF KX
A VOGR4 DIEAET B ([111], [111], [111], [111] D 4 fi ;
Fig. 2a lICRHIT/R L7/ M )s LA L, ARPES TH#IAIA]
AEZZ (001 DRI T IVINT V=2 =EZD L, HlIZIE
[111] & [111] D R AA VKB DOME, Thbb, £
W7 VIV =g EniE IR T 2 MO
AF RAA VKEEMFET % EFRHEI NS, 1 7t
ZHNTINSD RAAL VRS EECENX, KT UILT
V=N ENTEETIRBIC R A A VIS K 228N
BT NZ1ETTH D, DTz, HRETER (T = 40 K),
hv =105 eV TEIAIEN/=7 =)V I % Fig. 3a IR d, k-
TH— RV ORBICKD, MEIKIE kL DR % 2
DT )V (el & e2) HERXRD, FHAPRD T o)V Iifi
MEEN TV 5,
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Figure 3 (a) ARPES-intensity mapping at £, for GdBi plotted as a function of &, and k,at 7= 40 K obtained with 4v = 105 eV. Solid lines indicate the
surface Brillouin zone boundary, whereas the dashed lines indicate the cross section of both £, = 0 and « planes of the bulk fcc Brillouin zone
boundary. (b) Distribution of AF domains visualized by scanning ARPES with a 26 x 22 mesh. The pixel size is 50 x 50 um’. Regions shown
with orange and green colors correspond to points A and B, where the AF ordering vector points to the lower right and upper right directions,
respectively. The white region represents the area where the domain identification was difficult, while the black region has no signal from
the sample. The intensity at each point was obtained by full integration of the ARPES intensity. (c) Same as (a) but obtained at 7= 6 K (AF
phase) for point A. G,; (green arrow) is the AF ordering vector projected onto the surface. White arrows indicate the replica of the Fermi
surfaces, and red rectangles represent the magnetic surface Brillouin zone. (d) Schematics of band folding in the surface Brillouin zone,
together with the folded Fermi surfaces for point A. The red rectangle represents the magnetic surface Brillouin zone. (e), (f) Same as (c¢) and
(d), respectively, but for point B. (g), (h) Near-£; ARPES-intensity plots around the I point obtained at 7= 6 K along the &, cut for points A

and B, respectively.

AF HHTHERIE N7z 2 MO 7 =)V 2 T Z Figs. 3c,e I
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FNCINY R E O 0k LA L, Figs. 3c.e ICFIRHAIT
MUK DI, WREER T2 72 > T2 I 8EE (&, &) =
(xn/a, +n/a) ICES7R T DR UMEDNHEHEL TV, Thb
& Figs. 3d,f ICBIIEXI TR K ST, TR MEDJE D D
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A VIR —DOBEBRIIIC AT T %, ZDTzDM/NAKR Y b
T DT U 72k 7 Fig. 3b 1R d, ZAUEEE Eo
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Figure 4 (a) Schematic of surface Dirac cones in the paramagnetic
phase for both NdBi and GdBi, which are attributed to the
topological insulator phase with surface-independent massless
Dirac cones. (b), (c) Same as (a) but for the GdBi and type-I
(NdBi) AF phases, respectively. Dirac cones are protected by
the combined symmetry S, except for the ferromagnetically
aligned surface for the NdBi case. The unit lattice vectors a,
(i = 1-3) that take into account the magnetic structure for the
AF case are shown by open black arrows. Ty, translational
symmetries are shown by the orange color in (b) and (c).
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Figure 5 (a),(b) Comparison of photoelectron intensity map as a
function of spatial position (x, y) between step-by-step and
on-the-fly measurements, respectively.
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