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Unveiling the dimer/monomer propensities of Smad MH1-DNA
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Smad transcription factors are the main downstream effectors of the Transforming growth factor g super-
family (TGFB) signalling network. The DNA complexes determined here by X-ray crystallography for the
Bone Morphogenetic Proteins (BMP) activated Smad5 and Smad8 proteins reveal that all MH1 domains
bind [GGC(GC)|(CG)] motifs similarly, although TGFB-activated Smad2/3 and Smad4 MH1 domains bind
as monomers whereas Smad1/5/8 form helix-swapped dimers. Dimers and monomers are also present in
solution, as revealed by NMR. To decipher the characteristics that defined these dimers, we designed chi-
meric MH1 domains and characterized them using X-ray crystallography. We found that swapping the
loop1 between TGFB- and BMP- activated MH1 domains switches the dimer/monomer propensities.
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When we scanned the distribution of Smad-bound motifs in ChIP-Seq peaks (Chromatin immunoprecip-
itation followed by high-throughput sequencing) in Smad-responsive genes, we observed specific site
clustering and spacing depending on whether the peaks correspond to BMP- or TGFf-responsive genes.
We also identified significant correlations between site distribution and monomer or dimer propensities.
We propose that the MH1 monomer or dimer propensity of Smads contributes to the distinct motif selec-
tion genome-wide and together with the MH2 domain association, help define the composition of R-
Smad/Smad4 trimeric complexes.

© 2021 The Authors. Published by Elsevier B.V. on behalf of Research Network of Computational and

Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The gene responses activated by the transforming growth factor
B (TGFB) superfamily (a term that includes also the bone morpho-
genetic proteins (BMP), Nodal, Activin and other members) play

Abbreviations: ChIP-seq, Chromatin immunoprecipitation followed by high-
throughput sequencing; Smad proteins, Homologous proteins to the Caenorhabditis
elegans SMA (“small” worm phenotype and MAD family (“Mothers Against
Decapentaplegic” of genes in Drosophila MH1 domain, Mad homology 1; BEST,
Band-Selective Excitation Short-Transient-type experiments; TROSY, Transverse
relaxation optimized spectroscopy.
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essential roles in development, immunity, tissue regeneration/
homeostasis, tissue fibrosis and neuroprotective functions [56-
57,41,71]. These critical roles demand a high level of conservation
and fidelity of the TGFp signaling elements in healthy organisms
[56]. The canonical TGFB signal transduction mechanism is the
Smad pathway, with Smad transcription factors (TFs) being
responsible for the transmission of the signals from the membrane
receptor into the nucleus [55]. Smad proteins contain a DNA-
binding domain (Mad homology 1, MH1) a linker and a protein-
protein interaction region (Mad homology 2 (MH2 domain) (Sup-
plementary Fig. S1A) [52,74]. The MH1 and MH2 domains are
highly conserved across Smad proteins and along evolution,
whereas the linker has a higher sequence variability and function
[53,62]. After being phosphorylated at the MH2 domains by TGFB
receptors, activated R-Smads interact with Smad4 and define the
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canonical hetero-trimeric functional unit. Once in the nucleus, and
upon linker phosphorylation, the hetero-trimeric Smad complex is
ready to define a new set of interactions with cofactors and with
cis-regulatory elements containing Smad Binding Elements (SBE
and 5GC sites, GGC(GC)|(CG) Supplementary Fig. S1B), interactions
that go on to modulate the outcome of the signaling network
[1,3,29].

R-Smad/Smad4 complexes have been observed with over-
expressed and endogenous full-length proteins [38,44]. Crystal
structures of MH2 domains and biophysical experiments in solu-
tion have revealed a conserved propensity of these domains to
interact as homo- and hetero-trimers [16,61,74]. Full-length pro-
teins are also believed to associate through the MH2 domain to
define heterotrimeric complexes as observed in the MH2
complexes.

R-Smad proteins were considered to have different specificities
regarding the recognition of DNA motifs and to respond to specific
BMP- and TGFp-activation inputs [82]. Initial hypotheses sug-
gested that the TGFp-activated Smads (Smad2/3) and Smad4
showed a preference for the GTCT site (known as the Smad Binding
Element, SBE), whereas the BMP-activated Smads (Smad1/5/8) pre-
ferred GC-rich motifs. However, the very high sequence conserva-
tion of the MH1 domains and recent experimental evidence
indicate that the separation between DNA binding preferences of
R-Smads is subtler than initially thought (Supplementary
Figs. S1B,C). For instance, combined TGFB and BMP receptors influ-
ence Smad1/5-driven responses [70] and the MH1 domains of
Smad3 and Smad4 proteins interact —efficiently and specifically—
with GC-rich motifs grouped in the 5GC consensus [54]. This 5GC
consensus is functionally relevant for TGFB-activated Smads and
for Smad4, and it overlaps with the palindromic BRE site GGCGCC,
previously defined as the GC-rich target sequence of BMP-
activated Smads [42]. Complexes of MH1 domains bound to differ-
ent DNA motifs have revealed that MH1 domains are able to inter-
act with specific DNA sites using a distinctive binding site
[6,7,17,54,75]. Only the long isoform of Smad2 displayed addi-
tional contacts from residues in the E3 insert, exclusively present
in this specific isoform [5]. Notably, while keeping the same appar-
ent fold and DNA binding, these crystal structures showed different
domain architectures. Complexes of Smad2, Smad3, and Smad4
MH1 domains with both SBE and 5GC DNAs adopt monomeric con-
formations [6,54,75], whereas Smad1 and Smad5 interact with the
SBE site as homo-dimers, with the o1 helix being swapped
between the two monomers [7,17]. The association between tran-
scription factors (TFs) to form homo- and hetero-dimers is a com-
mon feature employed by many TF families in eukaryotes [2,36,37]
and domain-swapped dimers have been detected in members of
the Forkhead family of transcription factors [60]. In many TFs,
the capacity of DNA-binding domains to dimerize has implications
in the regulation of specific cellular responses, in the stability of
the proteins, and in the optimal selection of DNA binding sites in
native contexts [2,36,37]. Remarkably, in Smad proteins, the asso-
ciation through their MH1 domains, and its potential function, has
been somehow overlooked, relegated by the interactions occurring
via the MH2 domains. However, this association through MH2
domains does not fully explain all current evidence as to why only
some trimeric complexes have been experimentally identified. For
instance, trimeric complexes containing BMP-Smad homotrimers
or Smad4/TGFp-Smad/BMP-Smad heterotrimers have never been
detected in cells [21,27,32]. It seems that there might be other
restrictions favoring the composition of some complexes over
others, suggesting that a second layer of selection might exist, per-
haps encoded within the different dimer/monomer propensities of
the MH1 domains.

In the search for new clues to clarify how BMP-activated Smad
proteins interact with the GC sites (currently not fully
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characterized), and to decipher the characteristics that define
monomers and dimers of MH1 domains, we used several biophys-
ical techniques to study the interaction of Smad5 and Smad8 MH1
domains with these motifs. Our X-ray structures revealed the
specific protein-DNA contacts and that these Smad proteins inter-
act as dimers, in contrast to Smad3 and Smad4 that interact simi-
larly with the same sites as monomers. Moreover, we also used
Nuclear Magnetic Resonance, and other biophysical techniques to
study the conformational ensemble of Smad5 MH1 domain in solu-
tion and in the gas phase. NMR relaxation experiments and IM-MS
reveal the presence of dimeric conformations in Smad5 MH1
domain even in the absence of DNA, thereby indicating that dimers
are also present in non-crystallographic conditions. We also found
that swapping the loop1 sequence of Smad5 for that of Smad3 (or
vice versa), reversed the dimer/monomer propensities of the chi-
meric constructs while retaining the DNA binding capacity. To cor-
relate these structural properties with Smad function, we have
scanned the distribution of Smad1/5- and Smad3-bound DNA
motifs in ChIP-Seq peaks. In this analysis, we observed specific site
clustering and motif spacing, depending on whether the regions
were BMP- or TGFB-responsive, suggesting a positive correlation
between the monomer/dimer propensities and the motif
distribution.

Based on our results, we propose that the MH1 domains’ capac-
ity to form monomers or dimers may help define the Smad compo-
nents for a given R-Smad/Smad4 ternary complex, as well as the
selection of binding sites in promoters and enhancers.

2. Materials and methods
2.1. Protein production and cloning

For the Smad5/8 constructs, we used the domain boundaries
described in the Smad1-GTCT structures (Uniprot: P70340, Phe9-
Ser132) [7,17]. The Smad5 (Uniprot: Q99717-1, Ser9-Argl43),
Smad8 (015198-1, Thr14-Pro144) and the three chimeric domains
(Table 1) were cloned using an ‘In Fusion Cloning strategy’ [67].
Inserts were synthesized by Thermo Fisher Scientific, amplified
by PCR (oligos shown in Table 1) and confirmed by DNA sequenc-
ing (GATC Biotech). Labeled and wunlabeled proteins were
expressed and purified following standard procedures essentially
as described [54]. Proteins were verified by Mass Spectrometry.
Theoretical masses for unlabeled samples are Smad5WT Mw:
15079.56, Smad8WT Mw: 16122.75, Smad5Gly Mw: 15183.62,
Smad5_3 Mw: 15003.46, and Smad3_5 Mw: 14645.06. In all cases,
the elution buffer was 20 mM Tris-HCl buffer (pH 7.2), 80 mM NaCl
and 2 mM TCEP (buffer 1) to facilitate the comparison to other
MH1 domains previously studied [54,33,5]. Aliquots were kept fro-
zen at —80 °C. Oligonucleotides were purchased at Biomers and/or
at Metabion, Germany HPLC-purified. Resulting dsDNA molecules
were dissolved in the protein buffer at 2 mM concentration and
annealed as described in [33].

2.2. Crystallization

Crystallization experiments were performed at the HTX facility
of the EMBL Grenoble Outstation [84] and at IBMB-IRB Barcelona
Crystallography Platform. All crystals were grown by sitting-drop
vapor diffusion at 4 °C. The final protein concentration in the com-
plexes was 4.2 mg/mL (buffer 1). Proteins and DNAs were mixed at
2:1 (Molar ratio), except the Smad5_3 sample (1:1 ratio).

Optimized crystallization conditions:

— Smad5 (PDB:6FZS): 100 nL drop volume, 30 pL reservoir solu-
tion: 0.1 M bis-Tris propane pH 7.5, 20% PEG 3350, 0.2 M NaF.
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Table 1
Cloning and sequence information.

Smad5 PDB: 6FZS

Smad8PDB: 6FZT

Source organism
DNA source
Forward primer

Reverse primer

Cloning vector

Expression vector

Expression host

Complete amino acid sequence
of the construct produced

Homo sapiens
Synthesis
GAAGTTCTGTTTCAGGGCCCGTC ACTAGTCCAGCA

AAACTGGTCTAGAAAGCTTCATGGAGGTAAGACTGGACT

Popln F

PopIn F

E. Coli

Mothers against decapentaplegic homolog 5
GPSFTSPAVKRLLGWKQGDEEEKWAEKAVDAL
VKKLKKKKGAMEELEKALSSPGQPSKCVTIPRSL
DGRLQVSHRKGLPHVIYCRVWRWPDLQSHHELKPLDICEFP
FGSKQKEVCINPYHYKRVESPVLPP

DNA (5'-D(P*TP*GP*CP*AP*GP*GP*CP*GP*CP*GP*CP*CP
*TP*GP*CP*A)-3)

Homo sapiens
Synthesis
GAAGTTCTGTTTCAGGGCCCGG
CAGTGAAGAGACTGCTA
AAACTGGTCTAGAAAGCTTCAA
GGAGGCAGTACTGGAGT
Popln F
PopIn F
E. Coli
Mothers against decapentaplegic homolog 9
MHSTTPISSLFSFTSPAVKRLLGWKQGDEEEKW
AEKAVDSLVKKLKKKKGAMDELERALSCPGQP
SKCVTIPRSLDGRLQVSHRKGLPHVIYCRVWR
WPDLQSHHELKPLE
CCEFPFGSKQKEVCINPYHYRRVETPVLP
DNA (5'-D(P*TP*GP*CP*AP*GP*GP*CP*GP*
CP*GP*CP*CP*TP*GP*CP*A)-3')
TGCAGGCGCGCCTGCA

Smad3_5

PDB:6ZMN

Source organism
DNA source
Forward primer

Reverse primer

Cloning vector
Expression vector
Expression host
Complete amino
acid
sequence of the
construct
produced

TGCAGGCGCGCCTGCA
Smad5_3 Smad5_gly
PDB:6TBZ PDB:6TCE
Homo sapiens Homo sapiens
Synthesis Synthesis
CGCGAACAGATCGGT CGCGAACAGATCGGTGG
GGTTCCTTTACCAGCC TTCCTTTACCAGCCCGGCAGTA
CGGCAGTA
TGGTCTAGAAAGCTT TGGTCTAGAAAGCTTT
TATGGCGGTAAGACGGGACT ATGGCGGTAAGACGGGACT
Popln S Popln S
PopIn S Popln S
E. Coli E. Coli

Mothers against

decapentaplegic homolog 5

TSPAVKRLLGWKQGEQNGQ
EEKWAEKAVDALVKKLKKKKGAMEELEKALSSPGQ
PSKCVTIPRSLDGRLQVSHRKGLPHVIYCRVWRWPD
LQSHHELKPLDICEFPFGSKQKEVCINPYHYKRVESPVLPP DNA
(5'-D(P*TP*GP*CP*AP*GP*GP*CP*GP*CP*GP*CP*CP*TP*GP*CP*A)-
3)

TGCAGGCGCGCCTGCA

Mothers against decapentaplegic homolog 5
SFTSPAVKRLLGWKGGGSQGDEEEKWAEKAVDAL
VKKLKKKKGAMEELEKAL
SSPGQPSKCVTIPRSLDGRLQVSHRKGLPHVIYCRVWRWPDLQ
SHHELKPLDICEFPFGSKQKEVCINPYHYKRVESPVLPP

DNA (5'-D(P*TP*GP*CP*AP*GP*GP*CP*TP*AP*GP*
CP*CP*TP*GP*CP*A)-3')

TGCAGGCTAGCCTGCA

Homo sapiens
Synthesis
GAAGTTCTGTTTCAGGGCCCGGCGGTTAAACGCTTATTGGGCTGGAAG

CACCAGGCTTTTCACCGCCTTCTCGGCCCA CCTCCTCATCACCTTG

Popln F

PopIn F

E. Coli

Mothers against decapentaplegic homolog 3
GPAVKRLLGWKQGDEEEKWCEKAVKSLVKKLKKTGQLDELEKAITTQNVNT
KCITIPRSLDGRLQVSHRKGLPHVIYCRLWRWPDLHSHHELRAMELCEFAFN
MKKDEVCVNPYHYQRVETPVLP
DNA(5’-D(P*TP*GP*CP*AP*GP*GP*CP*GP*CP*GP*CP*CP*TP*GP*CP*A)-
37

TGCAGGCGCGCCTGCA

ID 33 SaW0D [ ‘DYSIDWZODY 7 ‘ZInY ]

9¥9-2€9 (1202) 61 1vuinof ASojouydajolg [pnjonus puv [puoyvinduio)d



L. Ruiz, Z. Kaczmarska, T. Gomes et al.

— Smad8 (PDB:6FZT): 100 nL drop volume, 30 pL reservoir solu-
tion: 0.1 M bis-Tris propane pH 8.5, 20% PEG 3350, 0.2 M NaF.

— Smad5_3 (PDB:6TBZ): 200 nL drop volume, 30 pL reservoir
solution: 50 mM sodium citrate pH 5.5, 22% PEG 3350.

— Smad5_gly (PDB:6TCE): 200 nL drop volume, 30 pL reservoir
solution: 50 mM HEPES pH 7.0, 21% PEG Smear Medium (PEG
2000, 3350, 4000, 5000 MME).

— Smad3_5 (PDB:6ZMN): 150 nL drop volume, 30 pL reservoir
solution: 20% PEG 3350, 0.2 M sodium acetate.

Crystals were cryo-protected in mother liquid supplemented
with glycerol.

Diffraction data were recorded at the ESRF beamline ID30a3
(Grenoble, France) and at the ALBA beamline BL13-XALOC (Barce-
lona, Spain). The data were processed, scaled and merged with
autoPROC [81] applying the anisotropy correction by STARANISO
[79]. The CCy, criterion was used for selecting the diffraction res-
olution cut-off [23]. Initial phases were obtained by molecular
replacement using PHASER [58,59] from the CCP4 and PHENIX
suites [49,83] (search model PDB code: 3KMP) with anisotropic
correction. REFMAC [65] phenix.refine [49] and BUSTER [76] were
employed for the refinement, and COOT [24] for the manual
improvement of the models. The PDB-REDO server was used for
the selection of data resolution cutoff (paired-refinement) and for
the structure model optimization [39] Table 2. Specifically bound
water molecules at the protein-DNA interface were collected in
Supplementary Table S1. UCSF Chimera [69] was used to prepare
figures and calculate RMSD values for structural comparisons (Sup-
plementary Table S2).

2.3. Triple resonance backbone and relaxation experiments

NMR data were acquired on a Bruker Avance III 600-MHz spec-
trometer equipped with a cryogenic probe head and a z-pulse field
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gradient unit at 298 K using Non-Uniform Sampling (NUS) and
BEST-TROSY backbone experiments [8,48,66,68,77]. Proline resi-
dues were connected using a set of specific experiments [13]. T,
and T, relaxation measurements were acquired using standard
pulse sequences [8]. The rotational correlation times (t.) of the
Smad5, Smad5-gly as well as of their complexes with DNA were
calculated essentially as described [73,54,5] using several protein
concentrations in buffer 1 supplemented with 10% D,0. Spectra
were processed with NMRPipe [20] and MddNMR [66]. Backbone
assignment was performed with CARA [10] as previously described
[54,5]. T;, T, and hetNOE data were processed and integrated with
TopSpin3.5, Bruker BioSpin Corp. (https://www.bruker.com). Kp
fittings from R, values were calculated with GraphPad Prism fol-
lowing established procedures [11].

Molecular Weight determinations from 1. values were per-
formed using the correlations determined by the Northeast Struc-
tural Genomics Consortium and collected in the literature [72],
with the following relation: MW = 1.569*t. + 0.4972.

2.4. SAXS data

Data were collected at Beamline 29 (BM29) at the European
Synchrotron Radiation Facility (ESRF; Grenoble, France) on samples
of Smad5 MH1 domain at protein concentrations ranging from 0.96
to 10 mg/mL dissolved in buffer 1. Protein samples were prepared
as previously described [5]. Small-angle scattering data were
deposited in the SASBDB database under the entry code SASDE32.
Acquisition parameters are described in Supplementary Table S3.

2.5. ChIP-Seq statistical analysis
Chip-Seq datasets (SRP179614 for Smad3 and GSM1810980 for

Smad1/5) were downloaded from the NCBI SRA [47] and GEO [9]
data repositories. The fastq format data was extracted with

Table 2

Data collection and processing. Values for the outer shell are given in parentheses.
Protein Smad5 Smad8 Smad5_3 Smad5_gly Smad3_5
PDB code 6FZS 6FZT 6TBZ 6TCE 6ZMN
Data collection ESRF-ID30a3 ESRF-ID30a3 ALBA BL13 ALBA BL13 ALBA BL13
Space group P212121 P212121 P3, 14,22 P2,2424

a, b, c(A) 67.76, 73.37, 89.19 75.43, 79.51, 88.37
o B,y (°) 90.00, 90.00, 90.00 90.00, 90.00, 90.00
Resolution (A)* 53.96-2.31 (2.48-2.31) 59.11-2.46 (2.63-2.46)
Rrim 0.130 (1.413) 0.097 (1.403)
Rpim 0.052 (0.555) 0.041(0.550)
I/o(I) 114 (1.5) 14.3 (1.3)
CCy2Completeness (%): 0.998 (0.529) 0.998 (0.572)
Spherical ellipsoidal® 83.0 (22.0) 79.7 (22.4)
92.4 (44.6) 92.0 (54.3)

Redundancy 9.3 (9.9) 6.0 (6.3)
Refinement
Resolution (A) 29.77-2.31 59.11-2.46
Number of unique refl. 16,665 15,793
Rwork | Rree 0.193 / 0.241 0.193 / 0.237
No. of atoms 2815 2852
Protein 2010 2057
DNA 656 656
Zinc ions 2 2
Water 143 123
B factors
Protein 48 59
DNA 89 116
Zinc ions 41 53
Water 48 56
R.M.S.D.
Bond lengths (A) 0.010 0.010
Bond angles (°) 1.01 1.04
Ramachandran (%): 98.4 97.3

Favored 0.0 0.0

Outliers

53.14, 53.14, 83.15
90.00, 90.00, 120.00
46.02-1.82 (2.08-1.82)
0.087 (0.885)

0.038 (0.578)

106.12, 106.12, 82.40
90.00, 90.00, 90.00
53.06-2.92 (3.06-2.92)
0.049 (3.208)

0.017 (1.129)

54,50, 73.42, 111.15
90.00, 90.00, 90.00
48.94-2.37 (2.64-2.37)
0.179 (0.965)

0.069 (0.531)

10.9 (1.9) 21.1 (0.6) 8.9 (1.2)
0.999 (0.578) 1.000 (0.315) 0.998 (0.552)
482 (7.3) 90.1 (34.6) 69.0 (12.7)
8.8 (68.2) 91.9 (40.6) 91.8 (57.9)
5.0 (3.9) 7.9 (7.9) 6.6 (2.9)
46.00-1.82 53.11-2.92 26-2.33
11,400 4823 12,973
0.193 / 0.226 0.210 / 0.253 0.210 / 0.252
1702 1167 2670

988 842 1978

656 324 656

1 1 2

57 0 16

51 142 42

86 116 83

27 157 30

36 NA 21

0.008 0.010 0.008

0.92 0.97 0.92

98.4 96.8 95.3

0.0 1.7 0.0
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A. Smad5-GGCGC complex
== Smad5 #A =m Smad5 #B

A
G6
D. Superimposition of Smad5 and Smad8 binding sites

Smad5
m Smad8

B.
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Smad8-GGCGC complex

== Smad8 #B == Smad8 #A

E. Hydrogen bonds,Smad5 and Smad8

TGCAGGCGCGCCTGCA

S79 H8o

W-mediated
HB with phosphates

L72

HB with bases @
HB with phosphates .....g

..... o

Fig. 1. Structures of Smad5 and Smad8 bound to the GGCGC site. A. One of the possible ASU representations. Ribbon diagram of the Smad5 MH1 domain homodimers in
complex with the GGCGC DNA motif. Protein chains are shown in orange and grey, and the DNA-binding region is shown in blue. The Zn-binding site is indicated. The
elements of secondary structure are labelled. B. Biological assembly representation. Ribbon diagram of the homodimeric Smad8 MH1 in complex with the GGCGC DNA motif.
Protein chains are shown in purple and grey, and the distance between DNA binding sites is indicated. C. Close-up of the Smad5 protein-DNA binding interface. Interacting
residues are shown as blue sticks and hydrogen bonds (HBs) as dotted lines. The residues and bases involved in the interaction are labelled. D. Superposition of protein-DNA
binding interface for both Smad5 and Smad8. E. Schematic representation of the protein-DNA contacts observed for Smad5 and Smad8 complexes. Grey lines indicate HBs
between protein residues and DNA bases whereas brown lines indicate HBs with the DNA phosphates. Blue lines indicate water-mediated HBs with DNA phosphates observed
in the Smad5 complex. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

fastq-dump (SRA Toolkit, SRA toolkit, SRa Toolkit Development
Team, http://ncbi.github.io/sra-tools/). Bowtie2 [46] was used to
align the fastq reads against the mouse mm10 assembly, and sam-
bamba [78] was used to sort and remove duplicate and unmapped
reads. Peak calling was performed with macs1.4, for consistency
with the Smad1/5 dataset [26].

The Smad1/5 data was downloaded from the GEO database.
As the original data was aligned against the mm9 genome
assembly, the UCSC liftOver software [34]| was used to convert
the coordinates to the mm10 assembly. All ChIP-seq peaks were
normalized to 200 bp centered with respect to the peak center,
using a custom python script and all regions were scanned for
SBE + 5GC motifs (SBE: GTCTG, 5GC: GGCTG, GGCGC and
GGCCG) and the number of motifs per Kb as well as the distance
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of each motif to the nearest one in the same band downstream
the genome were determined. By doing this we obtained a num-
ber of distances per band which is equal to the number of
detected motifs minus 1. For promoter analysis, we assigned
each ChIP-Seq peak to the nearest annotated Transcription Start
Site, and then extracted the ones related to the genes of interest.
The gene names and the coordinates for the bands are included
in Supplementary Table S4. The Smad3 ChIP-seq was used to
extract bands for the TGF-p regulated genes and the Smad1/5
ChIP-Seq was used for the BMP regulated ones.

The Statistical analysis was performed using R language, version
3.6.3 (R Core Team (2017) R: A Language and Environment for Sta-
tistical Computing) using the R built-in functions ad.test for the
Anderson-Darling normality test and wilcox.test for the Wilcoxon
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rank sum test. Plots displayed as Fig. 6A and B were generated with
the ggplot2 package.

2.6. TWIM-MS experiments

Experiments were performed using a Synapt G1 HDMS mass
spectrometer (Waters UK Ltd., Manchester, UK) and essentially as
described, [4,73]. Mass spectra were acquired by positive nano-
electrospray ionization (ESI) using a Nanospray Triversa (Advion
Biosciences Corpn., Ithaca, NY, USA) interface. To optimize the sep-
aration of the different conformers, traveling-wave drift times of
selected ions corresponding to monomers and dimers of Smad
MH1 domains (in 150 mM ammonium acetate buffer) were mea-
sured at wave heights of 7V, 8 V, 9 V, and 10 V and at a velocity
of 300 m/s. Data acquisition and processing were carried out using
MassLynx (v4.1) software. Drift time calibration of the T-Wave cell
was performed using B-lactoglobulin (monomer, 18 kDa, and
dimer, 37 kDa) from bovine milk. Reduced cross-sections (Q’) were

A. Smad complexes with 5GC GGCGC motifs

Smad5 #A

Smad5 #B
B Smad4
B Smad3

N-term
(S5B)

N-term
% S4,33,(S5A)

C. Comparison of adjacent DNA binding hairpins

Smad5 5GC 1: His80 O—His80 O  13.7A
Smad5 BRE 2: His80 O—His80 0  3.6A
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calculated from published cross-sections [14] and subsequently
plotted against final corrected drift times (tD). Calibration coeffi-
cients were determined applying an allometric y = AxB fit. Experi-
mental cross-sections were determined by measuring the drift
time centroid for the molecular-related ions by means of Gaussian
fitting to the drift time distribution (Prism v6, GraphPad Software
Inc., California, USA). Acquisition parameters are described in Sup-
plementary Table S5.

An extended description of the methods is provided in https://
www.biorxiv.org/content/10.1101/833319v3

3. Results
3.1. Smad5 and Smad8 complexes with the 5GC DNA site
Before setting up the crystallization screenings, we studied the

protein-DNA interactions by EMSA and NMR (Supplementary
Fig. S1B), and observed that the interaction with 5GC motifs was

B. Smad5-GGCGC vs GGCGCC

» Smad5 ® Smad5, 5X6H
®5GC: GGCGC ® BRE: GGCGCC

Smad>5, b

Major groove distances
Smad5 5GC a:23.8A Smad5 BRE b: 22,6 A

D. Smad5-BRE complex

Smad5 5GC

Only two residues participate in HB with bases

Fig. 2. Structural comparison of different Smads bound to DNA. A. Overlay of dimeric Smad5 MH1 domains (gold and light blue) and the monomeric Smad4 (royal blue,
PDB:5MEY) and Smad3 (purple, PDB: 50D6). All backbones are shown as ribbons. Some secondary structural elements are labeled. N-term of all proteins are indicated. For
simplicity only the DNA bound by Smad5 is displayed. B. Comparison of the Smad5-GGCGC structure (orange) to that of Smad5-BRE (green, PDB:5X6H). Major groove
distances are indicated to highlight the DNA compression observed in the Smad5-BRE complex. The first helix of the Smad5-BRE is drawn as described [7] although the
electron-density map for this region is not well defined. C. Comparison of adjacent DNA binding hairpins in both Smad5 complexes. Distances between the hairpins are
indicated. D. Close-up view of the comparison of the DNA binding site. Only two residues, R75 and K82, display specific HB with DNA in the 5X6H complex. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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B. Short loops favor dimer formation

| Smad5, Monomer 1
P

Smad5 electron density

w21

Fig. 3. Key features that define the dimer/monomer propensities. A. Overlay of the complexes of Smad5 MH1 (dimer, gold, and light blue) and the monomers corresponding
to Smad4 (royal blue, PDB:5MEY) and Smad3 (purple, PDB: 50D6) complexes. The view is focused on loop1. All backbones are shown as ribbons. Some secondary structural
elements are labeled. The N-terminus of all proteins is indicated. Loop1 sequences are shown in blue. Differences in loop1 and helix a2, which is longer in R-Smads than in
Smadd4, are indicated with arrows and as a bracket, respectively. The positions of D25 (the first residue of the helix o2) for both Smad5 monomers are indicated, to highlight
the inability of BMP-Smads to bridge the distance between helix o1 and a2 with a short loop. Loop1- residues located at the Smad5 dimer interface are labeled in blue and
black. These residues are also conserved in Smad1 and Smad8. B. A section of the electron-density map of the Smad5 dimer (this work), Smad3 monomer (PDB: 50D6) C (left)
and Smad4 (PDB: 5MEY) C (right) are shown. In all cases, maps are contoured at 1.0 and are shown for helixes 1 and 2 and loop1. Some side chains and HB are indicated. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

in the same affinity range as that observed for the SBE sequence.
Crystals were obtained in several conditions, but the best diffract-
ing ones were crystalized with a 16 bp dsDNA containing the 5GC

sequence (underlined) TGCAGGCGCGCCTGCA (note that the inter-
nal part of the oligo, GGCGCGCC, is palindromic and therefore the
dsDNA contains two 5GC sites).

We solved the Smad5-5GC complex (space group P2:,2:2;) by
molecular replacement using a model derived from the Smad1/
GTCT complex (PDB: 3KMP) and then used the Smad5/5GC com-
plex to solve that of Smad8 bound to the same DNA.

In both complexes, the asymmetric unit contains two MH1
domains and two DNA strands. These models were refined at
2.31 A and 2.46 A for Smad5 and Smad8, respectively. The biolog-
ical assembly is defined as a protein dimer, with the o1 helix being
swapped between monomers, and with each monomer bound to a
ds-DNA molecule (Fig. 1A, B). Data collection and statistics are
shown in Table 2. The electron densities for the Smad5 and Smad8
proteins and the bound DNA are well-defined for the entire com-
plexes (Supplementary Fig. S1C,D) and the Smad5 and Smad8
MH1 structures display all the characteristic features of MH1
domains including the presence of a Zn?* coordinated by three cys-
teines and one histidine [54,74]. These domains are composed of
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four helices (arranged as a four-helical bundle) and six strands
arranged as three anti-parallel pairs (B1-B5, p2-B3, and B4-B6).
The protein DNA binding region comprises the loop following the
B1 strand, and the B2-B3 hairpin (residues 70-83). This hairpin
contains Arg75, GIn77 and Lys82 residues, which are strictly con-
served in all MH1 domains. These residues interact directly with
the major groove through a set of hydrogen bonds (HBs) with
the GGCGCg motif (Fig. 1C). An additional network of HB interac-
tions between Ser79, Leu72, GIn77, (backbone atoms) and His101
and His102 (side chain) with Gua8’, Gual0’ and Cyt3 bases rein-
forced the complex stability (Fig. 1C, middle and right). There is
also a set of 10 well-ordered water molecules bound at the
protein-DNA-binding interface that contribute to the stability of
the complex (Supplementary Table S1). Similar interactions are
observed for the Smad8/5GC complex (Fig. 1D). When superim-
posed, the Smad5 and the Smad8 MH1 domains are nearly identi-
cal (Co. RMSD of 025 A for 124 aligned residues) and the
complexes are very similar to that of the dimeric Smad1 bound
to the SBE GTCT site (PDB 3KMP; Co RMSD of 0.30 A for 123
aligned residues, Supplementary Table S2). The observed contacts
are represented as a cartoon in Fig. 1E, showing that one bound
MH1 domain covers the 3-CAGGCGC-9 area.
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Overall, these results show that homodimers of Smad5 and
Smad8 MH1 domains interact with DNA using the conserved bind-
ing mode displayed by all Smad proteins. Given the sequence con-
servation of Smad1/5/8 at the MH1 dimer interface
(Supplementary Figs. S1E,F,G), we hypothesize that heterodimers
of Smad1/5/8 might also be formed. Similar homo- and heterodi-
meric associations have been observed with Myc-Max and Mad-
Max transcription factors, where each specific complex determines
whether the gene targets are activated or silenced, respectively
[31].

3.2. SBE and 5GC DNA sites: One binding mode for all Smads

Except for the MH1 domains monomer/dimer arrangement and
regardless of the SBE or 5GC DNA motif type, the protein-DNA
binding interface of all R-Smads and Smad4 is very similar; see
Fig. 2A for Smads bound to the 5GC GGCGC motif [54]. The similar-
ity is reflected by the conserved pattern of interactions between
the protein and the DNA and by the RMSD value of their Ca super-
imposition (Supplementary Table S2). Even the general DNA topol-
ogy of the major groove (the principal binding site of all
complexes) is conserved between the different bound 5GC DNAs
(Supplementary Fig. S2), as characterized using Curves [12]. These
complexes also revealed that one MH1 domain is efficiently
accommodated on one full DNA major groove, with a clear distinc-
tion of minor and major grooves in all SBE and 5GC Smad com-
plexes, without introducing protein-DNA structural clashes or
distortions.

3.3. Smad5-5GC complex comparison to the Smad5-BRE complex

The interaction of Smad5 with a palindromic sequence of six bp
(GGCGCC) named BRE-GC (5X6H) has been reported [17]. In this
complex (Fig. 2B, C), the electron density for the residues in the
loop1 and for most residues present in the helix o1 is absent and
it is unclear how the N-terminal part is arranged in the complex.
Moreover, the interaction with the DNA is distorted, with both
DNA grooves showing similar depth and width (Supplementary
Fig. S2) and varying from all other Smad-DNA structures solved
to date [7,54], including the structures determined here. This bind-
ing interface is highly distorted and shows the fewest specific
hydrogen bonds between protein and DNA of all Smad complexes
determined to date.

At first glance, the sequences of BRE-GC (GGCGCC) and 5GC
(GGCGCG) appear to be remarkably similar. However, the BRE
motif is a 3 bp palindrome, and two MH1 domains were modeled
to interact with the 6 bp BRE-GC site in the 5X6H structure (one
MH1 domain is bound to each half of the palindrome, Fig. 2B, C).
This effect causes both a huge geometrical perturbation in the B-
DNA and a reduction of specific HBs (Fig. 2D) with the protein
due to steric hindrance when compared to the 5GC complexes
determined here.

Considering that Smad proteins bind to cis-regulatory elements
containing clusters of consecutive motifs [54], we believe that the
most probable binding mode in vivo is that observed in the 5GC
and SBE complexes. It seems very unlikely that two MH1 domains
would interact as in the BRE complex —using half of their protein
binding site and causing a high distortion to the DNA structure—
if there is the possibility to interact with two neighboring sites
using the full protein binding interface and a perfect accommoda-
tion to the DNA.

3.4. Molecular bases of MH1 domain dimer/monomer propensities

In Smads, the differences in sequence are higher between
Smad4 and the R-Smads than between BMP- and TGFB-activated
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R-Smads themselves. The most substantial differences are detected
either at the linker connecting the MH1 and MH2 domains or at
loops within these two domains [52]). If we focus on the differ-
ences observed in the MH1 domains, Smad1/5/8 have four residues
in loop1, whereas the same loop has six residues in Smad3 and in
Smad4, and sixteen in Smad2 (Supplementary Figs. S1E and S3)
[5]). The different lengths of loop1 and helix2 seem to have an
impact on Smads dimerization state. The superposition of Smad
protein-DNA structures (Fig. 3A) shows that loop1 of Smad2/3/4
is long enough to bridge the distance between helices o1 and o2
in one monomer (even though Smad2/3 have helix o2 one turn
longer than Smad4). In contrast, for Smad1/5/8 the combination
of a longer helix o2 (as long as in Smad2/3) with a short loop1
seems to make impossible such compact packing of helices in
one monomer. Instead, the loop1 and the helix a1 protrude away
and are swapped between two monomers to form a dimer as
observed here for Smad5/8-5GC complexes (Fig. 3B) and by others
for Smad1 (3KMP) and Smad5 (5X6G) bound to the SBE site [7,17].
In the case of Smad3 (50D6), the turn in loop1 is stabilized by
internal HBs (Fig. 3C left) [54,75]. Regarding other monomeric
Smads, Smad2 (6H3R) has a long Gly-rich insertion (indicated as
an asterisk Fig. 3A) and its loop1 is mostly disordered [5], whereas
in Smad4 (5MEY), the loop1 is well-defined without the presence
of internal HBs (Fig. 3C right) [54].

Overall these observations suggest that the differences in
sequence observed at the N-terminal region of the MH1 domains
can condition the monomer or dimer conformations adopted by
the domains.

3.5. Swapping the loop1 sequence between Smads is enough to switch
the dimerization propensities of MH1 domains in crystals

Upon the observation that different R-Smads have specific
propensities to form monomer or swapped dimers when bound
to SBE and GC-rich DNA sequences, we set to investigate if modify-
ing the loop1 length, might condition these structural propensities.
Correlations between loop length, domain swapping and protein
folding mechanisms have been reported in the literature
[15,18,22,30,40,50,80]

We started by increasing the length and flexibility of the Smad5
loop1 by inserting a GGGS sequence into the loop (Smad5_gly
mutant). In the resulting structure the asymmetric unit (ASU) con-
tains one protein chain and one DNA strand, and the biological
assembly is represented by two MH1 domains bound to each GGCT
site of the palindromic dsDNA. Although, in this structure, the crys-
tal packing resembles that of the monomeric Smad3 structure
(50DG) and not that of the dimeric wild-type Smad5 structure,
the loop1 could not be fully traced in the electron density map
due to the flexible nature of the GGGS insertion (Supplementary
Fig. S4A). For the second mutant, we replaced the Smad5 loop1
by that of Smad3 (Smad5_3 chimera). In this case, we obtained
well-diffracting crystals of the complex with the 5GC DNA, which
allowed us to solve the structure at 1.8 A (the highest resolution
of all MH1-DNA complexes to date) (Table 2). Here, ASU and the
biological assembly are the same and contain one MH1 domain
bound to one dsDNA molecule. The structure includes specific side
chain-nucleobase contacts with all five 5GC bp. Moreover, the
loop1 is ordered as in the monomeric Smad3 structure. The loop
position is well-supported by the electron density 2Fo-Fc map
and by the Fo-Fc omit map when refining against a structure lack-
ing the loop1 residues (Fig. 4A, Supplementary Fig. S4B). Regarding
the DNA recognition, the binding mode is conserved with respect
to the Smad5 homodimer (and other Smads), with the presence
of specific HBs being formed between the highly-conserved R75,
K82, and Q77 residues, and the GGCGC motif (Fig. 4B). Additionally,
Q77 and H83 side chains make HBs with phosphates of Gua8’ and
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A. Smad5_3 Chimera, monomer

C. Smad5 WT and Smad5_3 Chimera
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D. Smad3_5 Chimera, dimer

Monomer2 .

F. Smad3 WT and Smad3_5 Chimera

[ Smad3_5 Chimera [} Smad3 WT dimer

Fig. 4. Structures of the three Smad5 chimeras. A. Smad5_3 chimera folded as a monomer. The omit map corresponding to the loop1 is shown as Supplementary Fig. 5B right.
Some elements of the secondary structure and residues in and around loop1 are labeled. B. Close-up view of the Smad5_3-DNA binding interface. Residues located at the
protein-DNA binding site are shown in green. HBs are indicated as dotted lines, and distances are indicated in A. DNA backbone phosphates involved in protein interaction are
shown as sticks and labeled. C. Superposition of Smad5 dimer and monomer (green and beige). The loop1 in the monomer (chimeric construct) and the dimer interface
(Smad5 WT) are labeled. The arrow indicates the compact fold of the chimeric construct. D. Smad3_5 chimera folded as a dimer. Loop1 and a1a2 helices are indicated and
colored in gray and blue. The omit map corresponding to the loop1 is shown as Supplementary Fig. 5B (right). The rest of the dimer is shown as a semi-transparent ribbon. E.
Close-up view of the DNA binding interface. Smad3_5 residues participating in HBs are shown in dark red and the DNA in gray. HBs are indicated as dotted lines and distances
are indicated in A. F. Superposition of Smad3 monomer (sienna) to the Smad3_5 dimer (blue and gray). (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

Cyt7’, respectively. The comparison of the chimeric construct and
the wild type dimer is shown in Fig. 4C.

Prompted by this result, we also set out to investigate the
reversed effect and determine whether shortening the loop1 will
favor the helix-swapped dimer of Smad3 over the monomer. For
that, we generated the Smad3_5 chimera (Smad3 MH1 domain
with Smad5 loop1 and a Smad5-like 111A mutation to mimic the
Smad5 helix o1 sequence and lower the helix hydrophobicity). In
this case, we solved the Smad3_5 chimera-DNA complex structure
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at 2.3 A resolution (ASU contains two protein chains and two DNA
strands). The biological assembly is the same as for other dimeric
MH1-DNA complexes (MH1 dimer bound to two DNA molecules)
and the loop1 is well-structured and supported by the electron
density (2Fo-Fc and Fo-Fc omit) maps in both chains of the dimer
(Supplementary Fig. S4C). Other than loop1, the rest of the protein
and the DNA interface are mostly identical to those observed in the
wild-type Smad3 MH1 domain bound to this DNA motif (specific
R71, K78, and Q73 side chain-nucleobase contacts with 4 bp of
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A. Secondary structure and flexibility measured by NMR
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Fig. 5. Smad5 Monomers and Dimers in solution and in gas phase. A. Secondary structure elements of the Smad5 MH1 domain based on '>Co-'>Cp chemical shift differences
with respect to random coil values and NOE patterns. Positive values indicate o helices whereas negative ones correspond to B sheet structures. The region highlighted in
yellow represents values close to zero, an indication of undefined secondary structure (first helix and loop1 as well as the 31- 2 DNA binding hairpin). Below, hetNOE values
at 800 MHz 'H Larmor frequency ordered according to the residue number. Proline (P) residues indicated along the sequence. B. Top: Dimerization K4 estimation using NMR
(Rz vs. concentration). The arrow heads indicate the concentrations used in SAXS experiments. Bottom: Small-angle X-ray scattering (SAXS) data at five protein
concentrations and derived Radius of Gyration in A (Rg). C. Plot of the mobility drift time versus m/z for the Smad5 MH1 domain, with the peaks corresponding to monomer,
dimer and oligomers (minority) labeled. As depicted in the figure, monomer and dimer forms (more compact) travel faster than oligomeric ones (instrumental settings and
analysis are provided in Supplementary Table S5 and in methods). The region containing the dimers is shown as intensities and the cross-section analysis is indicated for the
m/[z 2754.62 peak, which is fully described as contributions from dimeric conformations. The mass spectra from all ions and for Smad3 and Smad4 MH1 domains are shown as
Supplementary Fig. S4. D. Structural models generated to illustrate the dynamic transition from the compact monomer towards the dimer and vice versa. This transition
requires the flexibility of the a1 and o2 helices and a reorientation of loop1, with a concomitant separation of the a1 helix from the protein core, (models I, II, III). Model IV
adopts an extended conformation of the N-terminus, suited to interact with a second monomer and to define a dimer. Compact monomers were generated using the Smad4
MH1 structure (PDB: 5MEY) as the template and the Smad5 sequence whereas the dimers correspond to the Smad5 structures determined in this work. The transition from
monomer to dimer was generated using Chimera. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

the 5GC site; Fig. 4D, E) [54]. A comparison of the chimeric and the within the loop1 length and observed in crystals of complexes with

wild-type Smad3 structures is shown as Fig. 4F. DNA. Of note, whereas the longer loop1 of the TGFB-responsive
In summary, our three structures confirm that the propensity of Smads (monomers) tend to be more variable in length, the short
MH1 domains to form dimers or monomers is mainly encoded loop1 of BMP-responsive Smads (dimers) has been conserved
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B. Inter-motif distances in bp
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Fig. 6. A. Box-plot representing the motif count (SBE + 5GC) for Smad1/5 and Smad3 ChIP-Seq datasets, for BMP- (Smad1/5) and TGFB- (Smad3) regulated promoters. Right.
Box-plot of motif counting for all detected peaks for Smad1/5 and Smad3 ChIP-Seqs. The list of promoters is available as Supplementary Table S4. B. Box-plot of the inter-
motif distance, in bp, for the motifs (SBE + 5GC) for Smad1/5 and Smad3 ChIP-Seqs, for BMP- (Smad5) and TGFp- (Smad3) regulated promoters. Right. Box-plot of the inter-
motif distance for all detected peaks for Smad1/5 and Smad3 ChIP-Seqs C. Schematic representation of Smad1/5-Smad4 and Smad2/3-Smad4 heterotrimers binding to SBE/
5GC sites. The dimers of Smad1/5/8 MH1 domains would select DNA sites separated by the distance of the two DNA-binding hairpins in the dimer (a distance of approx. 50 A)
and with the Smad4 bound without restrictions. The motifs recognized by the dimer can be located far away as observed in the analysis of motif distribution in BMP bound
peaks. Conversely, MH1 monomers of Smad2/3-Smad4 heterotrimers are not restricted by the location of their binding sites and can bind to both adjacent or distant motifs,
although the motif distribution in the clusters seemed to indicate a preference for local clusters. D. Schematic representation of the different Smad proteins in metazoans,
including the duplications observed in vertebrates, adapted from [52]. For each R-Smad protein we indicated the propensity of their MH1 domains to fold as monomers and

dimers (M, D) and of their MH2 domains to associate as heterotrimers with Smad4 (T).

during metazoan evolution (Fig. S3B), indicating a potential con-
nection between the MH1 domain dimerization propensity and
different biological functions of TGFB- and BMP-activated Smads.

3.6. Dimers and monomers in solution and in gas phase

To clarify whether there is an intrinsic propensity of Smad5
MH1 domains to associate as dimers in non-crystallographic con-
ditions and in the absence of DNA, we sought to explore the protein
behavior in solution by NMR, under similar conditions to those
reported for Smad2/3/4 in the literature [5,54]. To this end, we first
acquired sets of backbone triple resonance experiments to facili-
tate the assignment of the Smad5 protein resonances. We observed
a good agreement of the '3C chemical shift values (CSV) for the ele-
ments of the secondary structure, except for the N-terminus (resi-
dues located at the a1 helix and at the beginning of o2 helix),
whose CSV were close to random coil. These residues also dis-
played low heteronuclear NOE values, thereby suggesting the pres-
ence of conformational flexibility of these two helical regions
(Fig. 5A). Unexpectedly, residues in the loop1, (connecting both
helices) do not adopt secondary structure but are less flexible than
the a1 and o2 helices themselves, perhaps reflecting the presence
of an extended conformation in the loop, which could facilitate the
inter-domain association. The overall flexibility at the N-terminus
was not observed for Smad2/3/4 MH1 domains studied under
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similar conditions [5,54]. We also observed low heteronuclear
NOE values in and around the B2- B3 hairpin (DNA binding site),
as previously observed for other Smads [5,54]. Furthermore, the
T; and T values corresponding to non-overlapped residues of the
Smad5 protein (MW of 15.1 kDa) yielded an average correlation
time (1) of 12.1 ns (at 0.6 mM) measured at 850 and 600 MHz
respectively. Such 1. values are in agreement with a sample close
to ~20-22 kDa [72], which seems to contain monomers and dimers
in equilibrium. When the Smad5_Gly monomeric chimera was
measured under the same conditions, we obtained an average cor-
relation time (t.) of 8.13 ns, corresponding to a compact and
monomeric sample with a MW of ~13.25 KDa [72]. In order to esti-
mate the dimerization constant of the Smad5 association (Ky) we
measured the overall R;, value of the protein at different concentra-
tions, ranging from 200 M to 2.0 mM), following the approach
described in the literature [11] and obtained a K4 = 8.3 £+ 1.5 mM
(Fig. 5B).

We also compared the correlation times of Smad5 in complex
with a dsDNA containing a single Smad binding site, to facilitate
the interpretation of the results. We found that upon addition of
1 equiv of DNA (7.3 KDa) the t. of the solution increased up to
20.8 ns, suggesting a MW of ~33 KDa, larger than 22.4 KDa
expected for a monomeric 1:1 protein:DNA complex. In contrast,
a titration of Smad5-GlyLoop chimera with 1 equiv of DNA yields
a 1. value of 16.2 ns, in agreement with a MW of ~21 KDa
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monomeric 1:1 compact complex. Unfortunately, the presence of
DNA induces protein precipitation in both cases, precluding the
determination of the dissociation constant and relaxation
properties.

The presence of several conformations in solution that depend
on the protein concentration was also corroborated by SAXS, using
five concentrations, from 62 to 642 pM (more concentrated sam-
ples precipitated after freezing in liquid nitrogen). The data
obtained indicated an interval of the radius of gyration between
16.7 and 18.6 A, dependent on the concentration, which is between
15.8 A corresponding to a compact monomeric form [5,54] and
23.6 A for the fully formed dimer (Fig. 5B, Supplementary
Table S3). These values are in agreement with the Ky constant
determined by NMR.

Finally, dimers of Smad5 were also detected by ion mobility
mass spectrometry (IM-MS) in the gas phase. This technique sepa-
rates ions on the basis of their differential mobility through a gas
buffer, without disrupting native structures or oligomeric associa-
tions [27,60]. We measured various micromolar concentrations of
Smad5 and Smad3/4, as controls of monomeric MH1 domains. In
all cases we monitored the presence of bound Zn?* as proof of
folded samples after buffer exchange [32]. The analyses of m/z
and drift time values revealed that, in the gas in gas phase, Smad5
populates monomeric, dimeric and even larger oligomeric confor-
mations, with all these distinct species resolved at different drift
times (Fig. 5C). Remarkably, the presence of dimer/monomer spe-
cies was detected at all protein concentrations evaluated (from
20 up to 150 uM) and under slightly different experimental condi-
tions (Supplementary Table S5). The analysis of the collision cross-
section (CCS) area of two selected peaks containing the dimer
forms (m/z 2754.6 and 3029.98 (Fig. 5C and Supplementary Fig. S5-
A-C) confirmed the presence of several dimeric conformations in
Smad5 samples though monomer and dimer conformations were
detected in other peaks (such as m/z 2525.15). It is worth noting
that, under the same conditions, the most abundant species of
Smad3 and Smad4 MH1 domains were monomeric forms, while
signals arising from the dimer conformations were detected as
minority species (Supplementary Fig. SSD-F).

Altogether, these results indicate that Smad5 MH1 domains
present a high degree of plasticity in non-crystallographic condi-
tions consistent with the presence of monomers in equilibrium
with dimers, whose presence is also observed in the presence of
DNA.

3.7. Distribution of Smad-binding motifs in BMP- and TGFB-responsive
elements

Smad-binding sites tend to occur in clusters of three or more
Smad-binding motifs, thereby facilitating the interaction of Smad
complexes in regulatory elements [54]. To assess whether the dis-
tribution of Smad binding sites could reflect the monomer or dimer
preferences, we sought to analyze ChIP-Seq data available in public
databases for both BMP and TGF-activated Smad proteins per-
formed under similar experimental conditions. We found two
datasets for Smad1/5/8 (regulated by BMP) and Smad2/3 proteins
(regulated by TGFp) that fulfil these requirements (mESC, E14 cell
lines) [5,64]. For motif counting, we divided the study into two
separate analyses, either peaks found in promoters or enhancers
of genes or all regions with Smad-bound peaks (without specific
loci localization for each dataset, collected in Supplementary
Table S4) [25,35,85]. We normalized all ChIP-Seq peaks to be
200 bp and scanned the set of known 5-bp long Smad-binding
motifs (SBE and 5GC) to obtain their frequencies in these regula-
tory regions. For comparison, we also studied the distribution of
the 6-base GC-BRE site (GGCGCC), a GGC palindrome that overlaps
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with the 5GC GGCGC sequence also described as a Smad1/5/8 bin-
der [45].

When we scanned the set of specific genes, we found that TGFB-
regulated promoters have a higher average count of Smad-binding
motifs than the BMP ones (20 motifs/Kb and 13 motifs/Kb, respec-
tively). When the analysis was extended to all peaks, we observed
a similar trend, although the values were slightly smaller than
before (16 motifs/Kb and 9 motifs/Kb respectively), (Fig. 6A). Our
analysis showed that the GC-BRE motif is not significantly enriched
in the Smad1/5 and Smad3 datasets (29% of the 5GC GGCGC motifs
are followed by C to form the GC-BRE in comparison to 25% value
in case of the uniform distribution). The motif distribution was
analysed by the Anderson-Darling normality test, yielding non-
normally distributed data as indicated by p-values < 0.01, well
below the 0.05 threshold value. We also compared both non-
normal distributions using the Wilcoxon rank sum test and
obtained a p-value = 2.2e—16, (much lower than 0.05 threshold),
confirming that the differences in motif distribution were statisti-
cally significant.

Further, we measured the inter-motif distances for each cluster,
calculated with respect to the ChIP-Seq peak-center and observed
that the motifs showed no particular preference for being localized
near the center or at the boundaries.

On average, we observed that the Smad3 data has a higher
number of motifs/Kb than that of Smad1/5, with the Smad-
binding motifs being separated by ~46 bp in BMP-activated regions
and by ~33 bp in TGFp ones (16 bp are equivalent to 50 A distance),
(Fig. 6B). For comparison, in uniform distributions, the expected
values would have been 83 bp for BMP (1000/(13-1 motifs/Kb)) =
83 bp) and 52 bp for TGFp ones (1000/(20-1)) = 52 bp. Again, the
data were non-normally distributed (Anderson-Darling test), and
the Wilcoxon test showed that the differences in inter-motif dis-
tances were significant (p-value under 2.2e—16 <« 0.05).

4. Discussion

Our results confirm that BMP-activated Smads form MH1
dimers by exchanging the ol helix between two monomers in
solution and in crystals of 5GC DNA complexes. We also observed
that, in the absence of DNA, the Smad5 MH1 domain has a ten-
dency to populate an ensemble of conformations in solution
including monomers and dimers. We could also correlate the
dimeric propensity to the loopl because swapping this loop
between Smad3 and Smad5 is enough to revert their native
propensities as revealed by the structures we have determined.
Moreover, our results confirm the hypothesis that all R-Smads
and Smad4 (monomers or dimers) are able to interact specifically
with 5GC and SBE sites by means of a conserved binding mode,
mostly using the p2-B3 hairpin.

It is now well accepted that R-Smad/Smad4 heterotrimeric
associations are driven via interactions of the conserved MH2
domains of two R-Smads and a single Smad4 protein, as visualized
in the crystal structures of various complexes of MH2 domains
[21,27,32,52]. The high level of MH2 domain conservation among
different R-Smads would, in theory, allow for virtually all combina-
tions of Smad proteins in a native context.

However, only complexes with the presence of Smad1/5/8 and
either Smad2/3 or Smad4 proteins have been experimentally
detected using full-length proteins [19,32]. If these complexes
are trimers, the specific composition of these ternary complexes
seems to require a second layer of selection rules to favor some
complexes over others. Some of these rules could include holding
specific combinations of Smad proteins whose MH1 domains form
either dimers or monomers. For instance, either a dimer of
Smad1/5/8 and one monomer of either Smad2/3/4 (whose MH1
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domains cannot form dimers) or a trimer of Smad2/3/4 (all mono-
mers). The formation of these complexes in the full-length protein
context would be facilitated by the flexibility provided by the long
linkers (80 residues) connecting the domains.

The ChIP-Seq analysis revealed clusters containing a few adja-
cent Smad-binding sites in the peaks recognized by BMP-
activated Smads and a higher frequency of such sites in the
TGFB-activated ones [54]. These differences in motif distribution
could be rationalized based on the distinct structural features of
the MH1 domains that interact with them. For monomers, the
higher frequency of sites can correlate with inter-motif distances
being as small as two consecutive DNA sites that enable binding
of two MH1 domains without steric hindrance and, theoretically,
as big as the length of the extended long linker loop connecting
the MH1 and MH2 domains. In the case of dimers, we detected a
more spread motif distribution, since the latter might need to fulfill
the dimer-specific spatial requirements (approx. 60 A distance,
Fig. 6C) if both monomers bind to DNA. The above implies that
not all theoretically available DNA sites can be recognized by all
kinds of Smad trimers and that, given the DNA looping and the
flexibility of long MH1-MH?2 linkers, a given Smad complex could
bind DNA sites separated by variable distances. This versatility
would explain the experimental evidence showing how a given
Smad complex can recognize different regions in promoters
[51,63].

Overall, all findings available till now support the hypothesis
that the selection of optimal DNA targets results from a collabora-
tive work of bound cofactors and the Smad trimers, whose compo-
sition is finely adjusted by the presence or absence of MH1 domain
interactions. In these scenarios, all components will fit to tune the
context-dependent action of BMP and TGFp signals and final tran-
scriptional outcomes. Certainly, additional experiments, as well as
structures of the full-length Smad complexes bound to DNA, will
bring us closer to a complete picture on how these different layers
of interactions are defined.

5. Conclusions

Our findings suggest that the composition of Smad heterotri-
meric complexes may be modulated by the association through
MH1 dimers, and not only through MH2 domain interactions,
explaining why not all combinations of Smad complexes are
detected in cellular experiments. We propose that this characteris-
tic has been among the keys to shaping two classes of R-Smad pro-
teins since the origin of metazoans (Fig. 6D). MH1 domain
dimerization of BMP-activated Smads could also play a role in
the recognition of DNA sites genome-wide. For a given Smad het-
erotrimer, finding the optimal DNA sites must fulfill certain speci-
fic spatial requirements dictated by the MH1 domain structures.
However, these spatial requirements allow for some freedom to
recognize a range of motif separation, which could explain why,
for a given promoter, the distances between motifs are not strictly
conserved among vertebrates.
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