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Figure 1. Biochemical reconstitution and native isolation of Saccharomyces cerevisiae THO-Sub2. (A) Domain organization of Tho2 (yellow), Hpr1
(green), Mft1 (light blue), Thp2 (dark blue), Tex1 (cyan), and Sub2 (with the RecA1 domain in pink and the RecA2 domain in purple). Gray parts are not
resolved in the structural analysis described in the paper and correspond to regions predicted to be mainly unstructured. (B) Analytical size-exclusion
chromatography of THO with/without GFP-Sub2. The co-elution of GFP-Sub2 was monitored by fluorescence at excitation 490 and emission 520 nm.
The green line is the 280 nm absorbance signal of THO with GFP-Sub2; the purple line is the fluorescence signal of THO with GFP-Sub2. The asterisk
indicates a Tho2 degradation product. (C) Tandem affinity isolation of native THO-containing complexes from haploid and diploid yeast. A single allele
of HPR1 was tagged C-terminally with a Twin-Strep-3C-Protein-A tag (TSPA) in BY4741 (haploid) or BY4743 (diploid). Eluates resulting from IgG-affinity
followed by Strep-tactin (IBA) affinity purification were analyzed on 12% SDS-PAGE stained with Instant Blue (Expedeon). M, molecular weight marker;
Hpr1-TS, Hpr1 twin strep.
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Figure 2. Cryo-electron microscopy (cryo-EM) reconstruction of Saccharomyces cerevisiae THO-Sub2 homodimer. (A) Segmented cryo-EM
reconstruction of the THO-Sub2 dimer. Three different views are shown; proteins and domains are colored as in Figure 1A. Features discussed in the
text are indicated, including the proximal and distal sides of the asymmetric homodimer, the rigid and flexible protomers, as well as the 'head and
‘body’ of each protomer. (B) Cartoon representation of the structure, shown in the same orientations and colors. Helices are rendered as solid cylinders.
(C) Schematic representation of the THO-Sub2 complex architecture based on the cryo-EM structure. (D) Two frames of the raw cryo-EM data outputs
from the variance analysis shown in Video 1. The Tho2 C-termini of the two protomers are shown in orange and green. Different conformations are
adopted as the dimer switches the proximal and distal sides.
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Figure 2—figure supplement 1. Cryo-electron microscopy analysis. (A) Representative micrograph acquired on a 300 keV Titan Krios equipped with a
post-GIF K3 detector (Gatan, 5760 x 4092 pixel) showing particle distribution and reference-free 2D class-averages. (B) Gold-standard Fourier shell
Figure 2—figure supplement 1 continued on next page
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correlation (0.143 - FSC) plot from the final round of refinement for the entire map (THO-Sub2) and the two independently refined maps (rigid
protomer and flexible protomer). (C) Particle sorting and classification tree used for 3D reconstruction of the THO-Sub2 complex. The major analysis
branch (black) outlines the processing of the dimeric THO-Sub2 complex. The rigid and flexible protomers of the dimeric THO-Sub2 complex were
refined locally after density subtraction. The minor analysis branch (gray) outlines the processing focused on the rigid protomer of THO-Sub2. The
resolution and map quality were improved using local per-particle CTF-correction (see Figure 2—figure supplement 2). (D) Local resolution analysis of

dimeric THO-Sub2, the flexible protomer (E), and the rigid protomer (F) after density subtraction and local refinement. Maps show variation in local
resolution as estimated by cryoSPARC.
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Figure 2—figure supplement 2. High-resolution THO-Sub2 density. (A) Segmented cryo-electron microscopy reconstruction of the rigid THO-Sub2
protomer used for de novo atomic modeling. Front and back views are shown; proteins and domains are colored as in Figure 2. (B) Local resolution
analysis as estimated by cryoSPARC of the high-resolved rigid THO-Sub2 protomer. (C) 3D FSC and preferred orientation analysis of the rigid THO-
Sub2 protomer density calculated using the '‘Remote 3DFSC Processing Server’ web interface. The red line represents the estimated global FSC of 3.39
A +1 SD (green dashed lines). The sphericity of 0.983 indicates a uniform isotropic map without preferred particle orientation bias.
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Figure 2—figure supplement 3. Model quality. Left: Ramachandran plot of the main-chain ¢ and y torsional angles of the rigid protomer THO-Sub2
atomic model. Areas of favored ¢ and y combinations are defined in dark blue (see also Supplementary file 1). Right: Representative regions of the
THO-Sub2 (same colors as in Figure 2) and surrounding electron density maps are shown. Subunits and residue numbers are specified. Snapshots are

shown for the density of both folded regions and extended regions.
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Figure 2—figure supplement 4. Comparison of our cryo-electron microscopy structure with previous structural studies. (A) Comparison with a previous
negative-stain analyses of the THO complex (Pefia et al., 2012; Ren et al., 2017). Arrows highlight areas with distinctive features in the 2D class-
averages and our reconstruction. Overall there is a good agreement between the negative stain electron microscopy analysis and our structure. (B)
Comparison with a previously published low-resolution X-ray structure (Ren et al., 2017), where the polypeptides for Tho2, Hpr1, Mft1, and Thp2 could
not be distinguished, and are therefore all colored the same. The rectangle comprises the portion of the previous model that corresponds to a
protomer. The other region of the previous model resulted from misinterpretation of the crystal lattice.
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Figure 3. THO complex is built from intertwined conserved interactions. (A) Front view of the THO-Sub2 rigid protomer shown as a cartoon backbone
representation. (B) Same view as A with the five modules of the Tho2-Hpr1 platform in different colors. The rectangles highlight the position of the
zoom-ins shown in panels C-H. (C-H) Zoom-in views showing the intermolecular interactions between different subunits of a THO-Sub2 protomer as
discussed in the text. The cartoon representations show the molecule either in the same view as panel A or after the indicated rotation. Interactions are
shown between: (C) Tho2-Hpr1 module-1 and the N-terminal portion of the Mft1-Thp2 coiled-coil; (D) module-2 and central portion of the Mft1-Thp2
coiled-coil; (E) module-3 interactions: Tho2 B-hairpin, bottom surface of Tex1, and loop from the C-terminal Mft1-Thp2 coiled-coil region; (F) Tho2-Hpr1
module-3 and curved surface of Tex1 B-propeller; (G) Tho2-Hpr1 module-4 and Sub2 RecA2 domain; (H) Tho2-Hpr1 module-5 and Sub2 RecA1 domain.
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Figure 3—figure supplement 1. Structural features of the THO complex. THO-Sub2 rigid protomer (front view) shown in cartoon backbone
representation (colors are as in Figure 2). The rectangles highlight the position of the zoom-ins shown in panels C-H (identical to Figure 3). Interacting
and evolutionary conserved residues (see alignments in Figure 3—figure supplements 2-5 are shown as sticks and labeled. Although Mft1 and Thp2
share little conservation with their metazoan orthologues, the surfaces to which they bind on Tho2-Hpr1 contain evolutionary conserved residues
(Figure 3—figure supplements 1-5), suggesting they may share conserved architectural features.
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S.cerevisiae 63 PNEILSLKFHVSGSSMAYSRMDGSLTVWF IKDASF--DKSVEVYIPDCCGSDKLATDLSWNPTSLNQIAVVS 132
S.pombe 24 QGPIRSLGWNLSGSRLASSSSSGSVLVWNSDRLDFKFTTE----- LGNRGYG-LVEQLVWDPTHSDRLMAVY 89
H.sapiens 55 SAKVHSVAWSCDGRRLASGSFDKTASVFLLEKDRL--VKE----- NNYRGHGDSVDQLCWHPSNPDLFVTAS 119
D.rerio 26 SAKVHSVAWSCDGK RLASGSFDKTASVFVLEKDRL--VKE----- NNYRGHGDSVDQLCWHPTNPDLFVTAS 90
D.melanogaster 28 MSKVHSVCWNADGRYLASGSFDKTVVVYSLERDRF--LKG----- NTYRGHTASVDQLCWHRTNPDQFATAS 92
>~ R N
z— e~
S.cerevisiae 133 NSSEISLLLINEKSLTASKLRTLSLGSK-TKVNTCLYDPLGNWLLAATKSEKITYLFDVKKDHSSVCSLNISD 203
S.pombe 90 AGKMI RFWDFRSAKPIA------ EIESNYENIYA-TWSPSGNYCCASSRDDMLSF IDARERRIMET------ 148
H.sapiens 120 GDKTIRIWDVRTTKCIA------ TVNTKGENIN I -CWSPDGQTIAVGNKDDVVTF IDAKTHRSKAE------ 178
D.rerio 91 GDKTIRIWDVRTTKCMA - - - - - - TVSTKGENIN I -CWSPDGQTIAVGNKDDVV TF IDAKTHRPRAE ------ 149
D.melanogaster 93 GDKTVRIWD I RVGKCVS ------ VTNTKGENIN | -AWSPDGKTIAVGNKEDLITFIDTRTNKIRVE------ 151
=
S.cerevisiae 204 | SQEDNDVV YSLAWSNGGSHIFIGFKSGYLA I LKAKHGILEVCTKIKAHTGPITEIKMDPWGRNF ITGS IDG 275
S.pombe 149 - -FQQPCETNECCWSFSEDLFFMTTGLGTVQ/IME - -WPSLKRVYDIKAHNSNCFCIEFSPDNRHLA IGGADA 216
H.sapiens 179 - -EQFKFEVNE | SWNNDNNMFFLTNGNGC INILS--YPELKPVQSINAHPSNCICIKFDPMGKYFATGSADA 246
D.rerio 150 --EQFKFEVNE | SWNNDNDMFFLTNGNGC INITLS--YPELKLIQSINAHPSNCICIKFDPTGKYFATGSADA 217
D.melanogaster 152 - -EPFSFEVNEISWNNTNDLFFELTNGLGCMHILS--YPSLEHQMTLKAHPANCICIEFGPTGKYFATGSADA 219
v Zz— z— —
S.cerevisiae 276 NCYVWNMKSLCCEL | INDLNSAVTTLDVCHLGK ILGICTEDEMVYFYDLNSGNLLHSK ------- SLANYKT 340
S.pombe 217 I TSLWDPQELICERSITRMDYPIRTLSFSYDSRYLASGSEDRYVDIADTKTGDQ IWK I PTNGPLNKVAWHPT 288
H.sapiens 247 LVSLWDVDELVCVRCFSRLDWPVRTLSFSHDGKMLASASEDHF IDIAEVETGDKLWEVQCESPTFTVAWHPK 318
D.rerio 218 LVSLWNVEELVCVRCFSRLDWPVRTLSFSHDGKMLASASEDHF IDIAEVETGEKLWE IQCESPTFTVAWHPK 289
D.melanogaster 220 QVSLWDANELACLRMISRLEWPVRTISFSHDERMIALASEDLIIDIAFTETGERVTDIHVDASTFTVAWHPK 291
—S_ S S
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S.cerevisiae 341 DPVLKFYPDKSWY IMSGKNDTLSNHFVKNEKNL I TYWKDMFDNTMI EK RRKNNGGGNNHNK RTSKNTDR IGK 412
S.pombe P I e KHILAYAVSEPN---------o oo oo oo - -~ SSGLKIFGL 309
H.sapiens R I i RPLLAFACDDKDGKY--D-------=-=--- SSREAGTVKLFGL 347
D.rerio . RPLLAYACDDKEGKY--D--------~--~ SNREAGTVKLFGL 318
D.melanogaster 292 - - - - - - - - = = — m - - - e m oo QYLLAYACDEKDN----D----------- RRRDAGNVK I YGF 318
S.cerevisiae 413 DRPSRFNSKK 422
S.pombe 00 @o——————————
H.sapiens 348 PNDS------ 351
D.rerio 319 PNDS------ 322
D.melanogaster 319 SE-------- 320

Figure 3—figure supplement 2. Tho2 structure-based sequence alignment. The sequence alignment includes Tho2 orthologues from Saccharomyces
cerevisiae (P53552), Schizosaccharomyces pombe (Q09779), Homo sapiens (Q8NI27), Danio rerio (FIR5B5), and Drosophila melanogaster (E2QCS8). The
secondary structure elements are shown above the sequences, labeled, and colored according to the modules (module-1 to -5) as in Figure 3B
Conserved residues are highlighted with color, with darker shades of slate-blue indicating high conservation. This and all other sequence alignments
were generated using T-coffee (Notredame et al., 2000).
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Figure 3—figure supplement 3. Hpr1 structure-based sequence alignment. The sequence alignment includes the structured elements of Hpr1
orthologues from Saccharomyces cerevisiae (P17629), Schizosaccharomyces pombe (Q9URT2), Homo sapiens (Q96FV9), Danio rerio (Q7SYB2), and
Drosophila melanogaster (Q9VNI8). The secondary structure elements are shown above the sequences and colored in green. The HEAT repeats of the
small lobe are labeled. Conserved residues are highlighted with color, with darker shades of slate-blue indicating high conservation.
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Figure 3—figure supplement 4. Tex1 structure-based sequence alignment. The sequence alignment includes Tex1 orthologues from Saccharomyces
cerevisiae (P53851), Schizosaccharomyces pombe (Q9USL1), Homo sapiens (Q96J01), Danio rerio (Q6AXKY), and Drosophila melanogaster (Q9VHT2).
The secondary structure elements are shown above the sequences, labeled and colored in cyan. Conserved residues are highlighted with color, with
darker shades of slate-blue indicating high conservation.
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Figure 3—figure supplement 5. Sub2 structure-based sequence alignment. The sequence alignment includes
Sub?2 orthologues from Saccharomyces cerevisiae (Q07478), Schizosaccharomyces pombe (013792), Homo sapiens
(Q13838), Danio rerio (Q7SXU7), and Drosophila melanogaster (Q27268). The secondary structure elements are
shown above the sequences and colored in light pink for RecA1 and dark pink for RecA2. Conserved residues are
highlighted with color, with darker shades of slate-blue indicating high conservation.
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Figure 4. THO homodimerization properties. The central panel shows the back and front views of the THO-Sub2 homodimer, with the whole complex
in gray except the dimerization elements highlighted in color: the two Mft1-Thp2 protomers (back view) and the two Tex1 protomers (front view). (A)
Zoom-in view of the dimerization interface between the C-terminal coiled-coil portions of Mft1 and Thp2 rigid (r) and flexible (f) protomers (back view of
the complex). (B) Zoom-in view of the dimerization interface between the N-terminal helices of the two Tex1 protomers (front view of the complex).
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Figure 4—figure supplement 1. Superposition of the two THO protomers. The flexible protomer (colored in gray) is aligned on the rigid protomer
(colored as in Figure 2). The coiled-coils of Mft1-Thp2 start to bend at the point where the Tho2 B-hairpin is close to Mft1 and then cross over to form
the dimerization interface.
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Figure 5. Sub2-activated conformation at the proximal side of the THO homodimer. (A) Sub2-Tho2 interaction at the proximal side. The zoom views
show a subset of conserved interacting residues. See also Figure 3—figure supplements 2 and 5. (B) Structure of DDX6-CNOT1-4ET (Ozgur et al.,
2015a) shown in the same orientation as Sub2-Tho2 in panel A after superposition of their RecA2 domains. Note that the Tho2 ‘handle’ binds RecA2 at

the equivalent position as protein 4E-T.
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Alignment Tho2
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H.sapiens VFCILDIET--NCLEEK--SKR-DYF-TQLVLA-CLYLVSDTVL<ERLDPETLESLGLIKQSQ--
D.rerio LCILDIET--GCLEEK--HKR-DLF-TQLVGA-CLICIPDGVLCERLDPETLESLGLIKQAQ--
D.melanogaster VNILDSET--SL1TDGLQEER-HAF-VQLVKD-LDRVIPESLLCERLE IDTLQEAG IVKNK - - -
S.cerevisiae VALLILAYYD----P-DNFSKVSAYLKE NV SSQF I TEG YK FFHALLRK SDSWPSSHVA - - - - - - - - oo NN
S.pombe 179 SHEMINFFDALTCLRNKSLNEDYL IVQVNKS!
H.sapiens 173 AKLIAELGQDLS - - - - MCEPQTLCHILGFKF 252
D.rerio 170 AKL I TELGQDLT- - - EVY-ECRSDQDEF: -CEHQTLCHMLGFKF 247
D.melanogaster 232 AKILI TELNQEFD - - - IESF-ETRPDRWNL -PTGAI ICEVILGYKF 309
7 )
S.cerevisiae 283 SQYNEEVDKENYERYMDMCC IILLKNGFVNFYSIWDNVKPEMEFLQEY IQNLET--ELEEES TKGVEN PIEAMAA - A-LSTENETDEDNALV ~VNDDVNMKDK I SEETNAD | ESKGKQK 394
S.pombe 305QYMY-KEDDENLESYFMMVALLIKYNFISIDNIWAHLSPSDEELGKELGK YKDKLDEQT--FKAKGNA[LTMAA - P-LPDDE | EDGETMDG -- ----QKAEAVP--- 396
H.sapiens 253 KFYQ-EPNGETPSSLYRVAAV FNLIDLDDLYVHLLPADNC/IMDEHK RE IA--[EAKQ----- -LSSEKMDEREKEKE ----KEEE--K--- 36
D.rerio 248 KFHQ-EPNGETPSSLYH IAAA HDL IALEDLYVHLLPLDSSIVEEHKRD I L--EAKQ-----1ARKLTMVV - -LPSEKTEDKEKEKD ----KEEE--K--- -- 31
D.melanogaster 310 CHFK - - -DSRTPRSLYHVCALLLKHGVIIALNDVYVWLTRNDGSIIKADWEEDLA - -DARE - - - - -M/ RKIENL 1Q- -T-NKKEDEKDPPPP ----PSVKKFN--- -- 392
S.cerevisiae 395 TQQ-D I LLFG: KVLY**VSESLSRVLGRVFEYLLNP TSMTS---SGESK-DMATAL-MITR-=-IDNG|---LAHKPRL IHKYK THEPFE-SLELNSSYVFYYSE 510
S.pombe 397 -E IKKAK PSQ FLLR--AYPELSNLYHKLLHISISSIYANYSP---LKLLPNDVRERLKQPKFIPEDSRLREITLRPPKEKNLVFSLDPFADRFNKTESEVFYYFE 50
H.sapiens 337 -VE-KPPDNQ LAICKLIHITIEPLYRRVGV - -PKGAKG-SPVN - --- a5
D.rerio B2 -NE-KPPDNQ VALCQLLHL I IDPLYRRAGV - -PKGAKG-SL 1T 410
D.melanogaster 393 -EE-K YNANQI RATADLIHLSVENINMYKKCFKAPAGRRP-SRNR- 475
X HEAT7A
S.cerevisiae S11W-NSNLTPFASVNDLFENSHIYLS I IGPYLGRIPTILLS VAD IQKNHGSE - - ~HVTIDKWIDYVRKFIFPATSLLQN NEMMTKLSQD I LPLK 69
S.pombe 521NYDEDIPILRNLTEFYNIAIPWLRLSGLALCHDPV IV T QKCVD-N-SSE- ~-------RTLWLD I IRSLELPLITLIDV GEWSSTSMKKFPELK 634
H.sapiens 416 - - -RAPKQAESFEDLRRDVFNMFCYLGPHLSHDP I LFA KSFMK -EFQSDGISKQ--EDKEKTEV I LSCLLS I TDQVLELPSLSLMDC vV 539
D.rerio 411 - - -HAPQPAENFDDLSRDVFTMLCYLGPHLSHDP | LGK S FMK -EYQSE-SRQ--DSRDKMDSLLGSFLS IADQVILLPSLSLMEC 533
D.melanogaster 476777VAKMQAKEFGDLRKYTWPMANVL PAMH YD TV.LMY - LNGPPPNSEAEQHYYD IMSSLDACILRSLLYLDN 600
S.cerevisiae 630 VSFNKAEREAK SIILKALLS IDTIAKES ILKTL 758
S-pombe 635 LQNS | TEKET LSSFSNEFKKRLKS RVFRRYSSLDCTSIVEYV IKQF 74
H.sapiens 540 KVKAQT I DRA AYCIIEALANPEKERMKHDDTTISS ASFCGAVFRKYP-IDLAGLLQYVANQL 658
D.rerio 534 K IKAQTVDRS AYCIIEALANPEKEKMKHDDTTISS ASLCGAVFRKYP-1ELAGLLQYVTNQL 652
D.melanogaster 601 RRCGLAQRD | NLIGPVICDLLKYLTALSFBICLGYCILESLTLTGRLRFKDDGTSLSL! ASFCGTIYKKYS-TELSGLLQYVANQL 729
S.cerevisiae 759 HNGN | 1AV S TSFFTDQSAISEIILLELYT-L---NLKANTQNSHYI SFIELIKHCLKGKAFEE 884
S.pombe 765 KVNQMFD LV FNTLQKNGLATQELVIELSQK YSTC 1 YDV TDENSHL YLLMEFLNMVCSPKSYYK 84
H.sapiens 69 KAGKSFDLL KDALLDHDLALPILCLLMAQQRNGV | FQEGG - EKH L. QFGGFLASNLSTEDYIK 75
D.rerio 663 KAGK SFDLL KDALLDHELALPILCLLMAQQRNGVVFSEGG-EKHL! QFGGFLASNLSTEDYIK 789
D.melanogaster 70KSQKSLDLL KEALANNDLAVA ICLEMAQQKHCV I YRETAAHSHL! QFGTFLGSTYSVDEYVE 87
S.cerevisiae 885 NVILPFVELNNRF DY-LDNQLNSN--ENF SIDEL|-EGAEFSDVDLTKIISKDLFT, DERKNALSGENT 975
S.pombe 85 LIPSFEQLIQDFHIQPQVA! YKNLDHSLTGSNTEDAMD IDYEN - - - ~-TSSPNTASNPVW-SIDNSV I TELLPKQ- IWDYFSPNFYL! EFERSRAFDQIR 1007
H.sapiens 796 RVPS IDVLCNEFHTPHDAA PM-YAHHIISSK - - YDELKK S EKGSK - ----QQHKVHKY I TSCEMVMAPVHEAV -V SLHV SK-VWDD'I'S PQF YA EREVNKLKVQMK 911
D.rerio 790 RV.PSVDVLCNQLHTPHDAA! PM-YAHQIILSK - -YDELKKAEKGNR- ----QQQKVHKY I TACEQVMAPVHEAV -VSLHLPK -VWDD L RPQF YA DREVNKLKMQIK 905
D.melanogaster 88 RLPS | | TMLREYHINTDVA! PM-F THQIINQK - - YDQL RKDD PNAKK --LTTTQKLQKYLEATQL IMNPIVESV-RPLHSSK-VWEDISPQFLV! QREVAKLKQLAQ 976
S.cerevisiae 976 - ----- GHMSN--RKKH----LI1QNQIKD ILVTGISHQRAFKKTSEFIS-EKSN-VWN------—-— KDCGEDQIK I'FLQN LMSILNT-CIETSNILKTL 1078
$.pombe 1008 QTDAA-NTFYSRHRHDRQK IMQESNSIEQNELK EHINS -~ - LESV RKVEQGDCVKWF | PNGVFPNGTRLEHARFNCARYLWTL! FSTMSFLEILFNSQLPSF 1133
H.sapiens 912 A IDDNQEMPPNKKKK EK ERC TALQDKLLEEEKKQMEH - - -VQRV LQREK L EKDNWL LA -- FSTLLCYDRVESDIIY-T 1027
D.rerio 06 S IDDNTEMPPNKKKK EK ERC TALQDKLQEEEKKQLEH - - -VQRV LHRLK LEKDNWLLA - -- FCTLLCYDRVFESDIIY-T 1021
D.melanogaster 977 QAAEGKDSNQSKNKKEQERY | ALMEKILINDERKKQHEH - - -VDK | SQRLQEQKDSWFLLRS -----G--KSAKNDTITQFLQLELF FSTLLCYDRIFCDITY-S 1095
S.cerevisiae 1079 LFCC KKLEKMRLNGDF - = - === === - - m—omommmoo oo NDQA - SRK LYE! G IEFMKHV TSV FPVVKAH IQLVYTTLEENL 1173
S.pormbe 1134 1 FSMTQR YD I TSWYRDK | LYERECLANGALPGFRLYWSDEQND-PDLSAVLPYNKFVLLFSK SV IILEKILPCFPLIIESGSALKRAAERLK 1260
H.sapiens 1028 VASCTEN ETVTRWHSDRATYEKECG---NYPGFLTILRATGFDGGNKADQLDYENFRHVVHK ILIVLTK I LPWYPKVLNLGQALERRVHK IC 1152
D.rerio 1022 VASCTEN ETV TRWHSDRA | YEKECG---NYPGFLTIFRASGFDGGNKADQLDYENFRHVVHK ILIVLTK I LPWYPKV LNLGQALECRVHK IC 1146
D.melanogaster 1096 V. TSCTEG ETVMRWHADQAV FNK ECA - - -NYPGFV TK FRVSNQF - S EANDHVG YEN YRHVCHK KA 1--VFC LI ILMRILPHYPVLSKLAQ! I ERKVDKVR 1219
- C—w®
S.cerevisiae KARLKDALELDEFCTLTE-EEAEQK-R--1-REME--L--EEIKNYETACQNEQK----QVALRKQLEL-NKSQ--RL- ---QND-PPKSVASGSAGLNSKDRY 1275
S.pombe SKKQPEWV/SFNSFSGTVR-PSNSEK-L--QR-PQQLSVAATSAVDSKTAS I SEEQ----AK IDKQKVAL-NPSAPEFV - -PDSTPSDAVASE-----TDNKN 1364
H.sapiens KSRKSYMIPENEFHHKDP -PPRNAV -ASVQNGPG--G--GPSSSSIGSASKSDESSTEETDKSRERSQC-GVKAVNKA - --NGNSG 1259
D.rerio KGRKVHMV PENEFHHK EQ-PVRSTTTGTLQNGPG--NIGK TSTTTAASAGK TEDGVVEDSEK SKDK SQA -AQK TASKN - --NGSST 1256
D.melanogaster KLKTPHMLKESVIEHQIAERPNKESP-TS-VGAPA--A--ATRSDKLSPTS --FYN-- 1303
S.cerevisiae 276 TYSRNEPVIPTKPSSSQWSVSKVTRHVDDINHVLATNHLQKAISLVENDDETRNLRKLSKQNMPIF DFRN
S.pombe 1365 L-VENKAVE - ---KR-VEARSSANERKQEERRRKTTPEGNRRAL----
H.sapiens 1260 S-NSNKAVK ~EN-DKEKGK EKEKEKKEK TPATTPEARV LGK -DGK E
D.rerio -EKEDKEKTTKEKK EKKEKNPGSTPEAK TGAK -D -
D.melanogaster ---KE- PDAKAASTTRESKSQR———-GEGNNVTL\/STATSTASNNERF.SKQRDLPAPRESQSRSKDDQQEQANNGSNGSRQSESRNRDVERDRHDQQD 1400
S.cerevisiae -- ~STLEIFERYFRTLIQNPQNPDFAEK IDSLKRY IK---N -- -- -- ~---SREPYPDTTSSYSEAAAPEYTKRS------- SR- 1407
S.pombe - ~-RTRTPTNED- IQRSDSKLRED - -- -- -- ---RDRTPQSRSFTNENNDNLRSVSRHTRREPQQAQ-- 1457
H.sapiens -- ---ERPNKDEKARE TKERTPK SDK - EKEK F -KK EEK - -- -- -- DEKFKTTVPNAESKSTQEREREK EPSRERD | AK EMK SK EN - VKG 1381
D.rerio - - ----ER-SKEEKPID SKEK TPKADK -DK RKDDKK E EK - - - -- --- ---1DGKS | EKDWSK ERDASSDSKTKES - SK- 1360
D.melanogaster 1401 QRS ISSHRSSRD IVRVKERT-EAELHQR -SRERSQRLEE-LEAQQRKREKT---SRRGGEERIRHGDGVETVDLVGST- ----DNRHYEEFEGRMRDLSSVS
S.cerevisiae 14os YSGNAGGKDGYGSSNYRGPSNDRSAPKN IKPISSYAHKRSELPTRPSK--SK TYNDRSRALRPT - --GPDRGDGFDQRDNRLREE-YK----~-~-------——- 1489
S.pombe 145 -- ---NLNARREHESQK SDRWRQNGNVNRNPRV/SNNNS TNV SRERSSEANHRTSN - - - - DNKRDEV TEGKDKN - -KRQD - - - - I SGESNSRQN-NA | § - 1539
H.sapiens 13826EKTPVSGS ~LKSPVPRSDIPEPEREQKRRK IDTHPSPSHSSTVKDSL I ELKESSAKLY INHTPPPLSKSKEREMDKKDLDKSRERSREREKKDEKDRK E-RKRDHSNNDREV PPDLTK - 1498
D.rerio 1361 LEKNAGAG S ~LKSLVPRSEGVESEREQKRRKLDTHSSPSHSSAVKDNLNDFKDSTLKHHPNHTT-VLSK IKEKDDEKKESDKSRDRSKEREKKE--DRKD-RKRDYLNSDREMS -QEAK - 1473
D.melanogaster 1492 - - -NESNGS ~LHHRQRSHETIEFEKDSKRRKLESSTSS--SKKVEELVDSVKKARAL----------- KTKER------- NKDK LSDEERDARK - -DRK LGRKRDRVD--ESNS-NEHKR 1582
S.cerevisiae 1490 - - - - - - - KNSSQRSQLR---FP-EKPFQEGKDSS-KANPYQAS---S-YK---RDSPSENEEKPNKRFKKDETIRNKFQTQD--YR- -NT| DSCAAHRANENQRVNGNRKSNTQALPQGPKGGNVV 1592
S.pombe 1540 RAGRSNG SNRGND S RDA - - -DGRRS THYASNKRPRS -SDSQS----P-SN---LREEDERENSRRRARQDDRRDRDSRQQRD -SRSAREE-KRRK - | 1627
H.sapiens 1499 RRK EENGTMGV SKHK SE-~--SPCESPYPNEKDKE-K -NKSKSSGKEKGSDSFKSEKMDK | SSGGKK ESRHDK - - - SSGGKEE-KKHHKS 1588
D.rerio 1474 RRKDENGMSSSKHSKSA---SPSESPHSNDKDNS -K - -RSKSTSKDK -SD - - - LAK LEK - TSGGKK E SRHDK - - - -STGTKEE-KKHHKS 1555
D.melanogaster 1583 RREGQNGEEEL - === === == == -=—-ooo- RDRE-R-HREK-SPRERSH - = - - - - oo oo m e oo oo G-ASGSRAE-ERQYIS 1631
S.cerevisiae 1593 - - SRYQR-
S.pombe 1628 Q-------
H.sapiens 1589 - - SDKHR-
D.rerio 1556 - - SEKHR- -~
D.melanogaster 1632 KSARSSRVNY

Figure 5—figure supplement 1. Conformational states of Sub2. Comparison of the activated semi-closed Sub2 structure as found at the proximal side
of the THO homodimer cryo-electron microscopy structure with the conformation of active Sub2, bound to RNA, nucleotide, and the C-terminal motif
of Yral (C-box) (Ren et al., 2017). All structures are aligned on the N-terminal RecA1 domain. The RecA1 domain is colored in light-pink, the RecA2 in
purple, and Yral in gray. RNA is shown in black and nucleotide in yellow.
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RNA:DNA hybrid RNA structure
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Figure 6. Hypothetical model of transcription-export (TREX) molecular mechanisms. Schematic depicts the TREX complex: on the left at resting state,
with Yral bound to the Sub2 RecA1 domains via its N-box and C-box motifs (Ren et al., 2017); on the right in a substrate-binding state, with an RNA:
DNA hybrid positioning the 5" ends of the RNA (red) and DNA (black) strands at the two opposite RecA1 domains (see also Figure 6—figure
supplement 1). Binding of the RNA strand to the activated Sub2 would require changes in their relative orientation. In this hypothetical model, the
energy released at the RNA-dependent ATP hydrolysis step is harnessed in a mechanical movement as the separated strands are dissociated and the
complex returns to the resting state. The involvement of such mechanical force explains how incorporation in the complex may allow Sub2 to resolve
RNA:DNA hybrids that would otherwise be too long to be melted by a DEAD-box protein in isolation (Garcia-Pichardo et al., 2017; Linder and
Jankowsky, 2011).
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S.cerevisiae

IMSNTEELI----------- QNS 1 ---GFLQKTFKALPVSFDSIRHEPLPSSMLHASVL-NF------ 46
S.pombe 1MEVQKGL I - == ------ - - EAFYNTYPLE--KAKELDKSPLCSEYELFIKELWPSIVE-SFHNSTEF 53
H.sapiens 1MSPTPPLF-------- SLPEART---RFT----KSTREALNNKNIKPLLSTFSQVPGS-ENEKKCTL 51
D.rerio 1MSPPS-HF-------- DFIEARD---KFT----VATKNAVDTRNCKPLTTAFSHLPGN-ETEKKATL 50
D.melanogaster 1 MSTAVEVANTAPEKLANYFALQS---AFE----KALELA|ITDGKVELLVKEYNRFPANTEHDKRLPM 60

S.cerevisiae 47 --EWE-PLEKNISAIH----- DRDSLIDIFILKRFIID--SMTNAITEDEEENNLEKGLLNSCIGLDFV 103
S.pombe 54 ETAIRFCCYETARKSEIGLEERLKCLFAIL--DLLVIGNEINESFCDHLL----------------- 101
H.sapiens 52 DQAFRGILEEEI INHS----- SCENVLAII--SLAIG--GVTEGICTAST----------------- 92
D.rerio 51 DQALRGVLEEQIVNQKYV ----NVDDFLSLI--YISID--GVTEGICSATT-------=-=-=-=------- 92
D.melanogaster 61 DHAFRVLLMKRLDED - ------ VSRIGELV--RLSVE--ATRAEIVSNTIl ----------------- 99

S.cerevisiae 104 YNSRFNRSNPASWGNTFFELFSTI IDLLNSPSTFLKFWPYA
S.pombe 102 ~mmmmmmmm - IHT-VNECAKLYEYF
H.sapiens 93 —-- - e oo PFVLLGDVLDCLP-LDQCDTIFTFV
D.rerio 93 —-- - o e oo oo PFLLLGDVLDCLP-LDQCDK IFSFV
D.melanogaster 100 - - - - — o PVVILLIDTEF

S.cerevisiae 171 KQPLYEK ENND I LNTVKHYNMK YK LENFLSELLP/IN
S.pombe 142 ---GPVL SRQE--NSS----FCGRIDILLSKAFPPE
H.sapiens 133 ---KNYL SKSQ--NTV----FCGRIQLFLARLFPLS
D.rerio 133 ---KNYL SKSQ--NTV----FCGRIQLF

NFNRSASISALQESDNE 237
GANLRGDYNTV --H--S 195
LQSQFNLENVT--V 188
GLNLQSQFNLDNIT--V 188

oA A xmmMm
(9}
—

D.melanogaster 140 - - -KNN | SRTQ--NTV----FCGRIQLFLSKFFPFSERSGLNIVSEFNLDNFT--E 195
S.cerevisiae B8 WNRSAR-------——————————— - ERES---NRSSDV | FAAD--- - - YNFVFYHLIICPIEFAFSD 277
S.pombe 196 FGKVEL----------ommommmmo oo SPPSTPISDRTDLS YHKKLNTLF-------ooooo-—- 24
H.sapiens 189 FNTNEQESTLGQKHTEDREEGMDV EEGEMGDEEAPTTCS IPID----- YNLY-oooommmmmo oo 35
D.rerio 189 FNKNEQDSTLGQQHTEVK EEGMDV EEGEMGDEDAPAPSSIPID----- YNLY---- oo oo - 35
D.melanogaster 196 YGLDSKDHDES - === DNKELE----DTAEDIPLKID----- YDLY--ooommmmmo oo 27

S.cerevisiae 278 LEYKNDVDRSLSPILLDAILEIEENFYSKIKMNNRTRYSLEEALNTEYYANYDVMTPKLPVYMKHSNA 344

S.pombe 25 ——-—m - TAYWDILQCMC - SNPPKLLASD T - == - - - - m o m oo oo oo oo LPKF IDAAG - 254
H.sapiens 2836 ——------ RK FWSLQDYF -RNPVQCYEK | S-mmm o m o o o oo m e oo oo o WK TFLKYSE- 265
D.rerio 286 —------- RK FWTILQDYF - RNPVQCYDKFS - - == - - — - - oo oo oo oo WMTF IKYSD - 265
D.melanogaster 28 —------- CKFEWSILQDFF-RNPNQCYNKPQ--------=—— ==~~~ =~~~ =~ WKMEQMHAD - 257
S.cerevisiae 345 MKMD RN E FWAN LQN I K ESDD = = = = = = = m = = — o o o oo o e e e oo YTLRPTI 371
S.pombe P Jp——— SAIQAFESILQN-TFFNGKSNPTIDPNSSSLL-SE------ KY1-TLDKGFPSKYIYSRSIL 306
H.sapiens 266 - ----- EVLAVFKSYKLDDTQASRKKME -~ - =~ - - - - E------ LK T-GGEHVYFAKFLTSEKL 307
D.rerio 266 - ----- EALAVFKSFKLDDMQASKKKLE-=-------—-—-- E------ MRTSSGDHVYFAKFLTSEKL 308
D.melanogaster 258 - —---- NILQSFSSFKLEDVRQSSNENASGTDQAMDVDEEAVDTTAVSSV - IKANHFFAKFELTNPKIL 317

S.cerevisiae 372MD I SLSNTTCLYKQLTQED LCFTTNLIRNLISSDE-TRNFYK---SCYLRENP
S.pombe 307 FEYQL----------- -~ SDEDF LI1IFDFLLDHSKERIERRTLEKWTNKAV IPIVILSD 360
H.sapiens 308 MDLQL----------- -~ SDSNF
D.rerio 309MDLQL---------—--- SDSNF
D.melanogaster 318 LALQL-------—--——- SDANF

S.cerevisiae 435 IDFENLDEVNKKRGLN FKEFQNFRI 501
S.pombe 361 EDTSKLNELSKEAYSFLHTAR-------—-—-- GLGCPSLEKPLV 415
H.sapiens 348 EQSLWIEDTTKSVYQLLSENPP------—-—— NEGCPSFVKERT 404
D.rerio 349 DQSLWIEDTTKLVYQLLKEIPP-=-------—- NEGCPSFVKERP 405
D.melanogaster 358 DQADFILKETESRVYK LILEETPP - - - - - —— - —— NEGCK EFKKPEE 414
B an
S.cerevisiae 502 - - - - - SKEKIP-------- PPAFDETF -KKFTFIKM K I -PTG-LDK | EQEVKK P ---- 548
S.pombe 416 - - --- DKAA IDEAV ---E-GLKKLTNTPVK -LRFAM EQAGENTLDDLKKEERYRIPSP 472
H.sapiens 405 - - - —- SDTKPTRI IRKRTAPEDFLGKG-PT-KKILM NLCPDN-MEACKSETREHMPTL 463
D.rerio 406 - - --- AETKPIRPSRKRQAPEDFLGKG-PD-RKILM NLNPDN-MEACKSENREFMPSL 464
D.melanogaster 415 PTLSEEDSKPTPNKRPRRPLGDALRDASRS -GKFYL NYSPDN-LQACKSEQRNFLPLL 479
S.cerevisiae 549 EGV YEAA - - -QAKWESK | SSETSGGEAKDE | | RQ FLRSRYLFDFDKVNE-KTGVDGLFEEPR 611
S.pombe 473 E[SFLSGVKADKFE | EEAVRDDDKHFHEQSLATKT SAINSHLQNFSDTGLGD----------- 528
H.sapiens 464 EEFFEEA- | EQADPENMVENEYKAVN---NSNYG LLARRSPHFFQPTNQ-Q----------- 514
D.rerio 465 EDFFEEA - | EQADPANMVEDEYKVVR---NSNYG LLSRRSPHFFQPTNQ-Q----------- 515
D.melanogaster 480 EITYLETP-HEKVDP------—---——-——o-—- AFE LLARQTPHFETSLSQ-P---------=- 516

Figure 6—figure supplement 1. Hypothetical model of THO-Sub2-Yra (transcription-export) in binding RNA:DNA hybrids. (A) The scheme on the top
left shows the domain organization of Yral. The N-terminal and C-terminal regions of Yra1 bind to Sub2 with similar affinities as measured in the
Figure 6—figure supplement 1 continued on next page
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Figure é—figure supplement 1 continued

fluorescence anisotropy experiment on the right panel. In this experiment, we used fluorescent peptides corresponding to the N-terminal and C-
terminal regions flanking the RRM, with sequences shown at the bottom right panel, in an alignment that highlights the similarities between the two
motifs. Stars indicate residues that are involved in binding the C-box to Sub2 (Ren et al., 2017). The peptides were labeled with a 5'—6-carboxy-
fluorescein (6-FAM), dissolved to a concentration of 10 nM and incubated with Sub2 for 20 min at different concentrations in a buffer containing 20 mM
Tris-HCl (pH 7.4), 250 mM NaCl, and 2 mM dithiothreitol, at 20°C in 50 pl reactions on an Infinite (Tecan). The excitation and emission wavelengths were
485 and 535 nm, respectively. Each titration point was measured three times using 10 reads with an integration time of 40 ps. The data were analyzed
by nonlinear regression fitting using the BIOEQS software. Both peptides bound Sub2 with a similarity affinity, with a Kd of 2.9 uM. (B) Hypothetical
model of RNA:DNA hybrid recognition by THO. The cryo-EM structure of THO and Sub2 RecA2 is presented in surface representation. In the cartoon
surface representation, the model is based on the superposition with the Sub2-RNA-ADP BeFx structure with Yral C-box (in gray, [Ren et al., 2017])
and fitted with an RNA:DNA hybrid (pdb code Thys) as it positions the 5" ends of the RNA (red) and DNA (black) strands at the two opposite RecA1
domains. The duplex could bind Sub2 similarly to what has been reported for the DEAD-box protein Mss16 (Mallam et al., 2012) and consistently with
the properties of the human orthologue (Pérez-Calero et al., 2020).
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