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Smad proteins are eukarytic transcription regulators in the TGF-B signal-
ing cascade. Using a combination of sequence and structure-based ana-
lyses, we argue that MH1 domain of Smad is homologous to the diverse
His-Me finger endonuclease family enzymes. The similarity is particularly
extensive with the I-Ppol endonuclease. In addition to the global fold
similarities, both proteins possess a conserved motif of three cysteine resi-
dues and one histidine residue which form a zinc-binding site in I-Ppol.
Sequence and structure conservation in the motif region strongly suggest
that MH1 domain may also incorporate a metal ion in its structural core.
MH1 of Smad3 and I-Ppol exhibit similar nucleic acid binding mode and
interact with DNA major groove through an antiparallel -sheet. MH1 is
an example of transcription regulator derived from the ancient enzymatic

domain that lost its catalytic activity but retained DNA-binding sites.
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The last five years has yielded significant
advances in unraveling of the TGF-f signaling
cascade.'” In particular, an elegant system that
involves Smad proteins (i.e. dwarfins) has been
elucidated.>> TGF-B receptors are membrane-
bound protein kinases that are activated upon the
TGF-B binding and phosphorylate Smad proteins.
Smads translocate into the nucleus and act as tran-
scription factors.

Proteins of the Smad family are about 400-500
amino acid residues long and contain two con-
served domains connected by a variable length
linker. The N-terminal MH1 domain of most
Smads binds DNA.® The C-terminal MH2 domain
is involved in protein-protein interactions.” Three
subfamilies of Smads have been characterized.? (I)
Receptor-activated Smad subfamily (R-Smads)
incorporates five paralogs in vertebrates, namely
Smads 1-3, 5 and 8. Different paralogs are acti-
vated (i.e. phosphorylated) by different receptors

Abbreviations used: PDB, protein data bank; RMSD,
root-mean-square deviation; Mad, mothers against
decapentaplegic; dpp, decapentaplegic; Smad,
“sma’’+"Mad”’; MH1, Mad homology 1, MH2, Mad
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and participate in different signaling pathways.
Phorphorylation of these Smads correlates with
their translocation in the nucleus.®® (II) Common
Smads (co-Smads) include one known gene in
mammals - Smad4' and in Drosophila - Medea."*
These proteins lack phosphorylation sites. They
bind to phosphorylated R-Smads through the MH2
domains prior to nuclear translocation.'? (III)
Inhibitory Smads (anti-Smads) are the only sub-
family that lost their ability to interact with nucleic
acids due to insertions/substitutions in the
DNA-binding site of the MH1 domain. Anti-Smads
function as negative regulators. Smadé is a decoy
of co-Smads that interacts with activated R-
Smads’® and Smad? blocks activated receptors.'***

The first Smad family member has been charac-
terized from Drosophila melanogaster and called
“mothers against dpp” (Mad) to reflect the
maternal-effect enhancement of decapentaplegic
(dpp) mutations in Mad mutants.'® Dpp encodes a
TGF-B superfamily growth factor which is impli-
cated in many developmental events.'” The sub-
sequent analysis of Caenorhabditis elegans TGEF-B
pathways revealed three genes of Mad homologs:
sma-2, sma-3, and sma-4 (“sma’ from “‘small”’).’®
Among several developmental problems, mutant
alleles of the sma genes produced small size
worms. These Sma proteins were called “dwar-

© 2001 Academic Press
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fins” to avoid confusion with unrelated products
encoded by other sma genes. Although dwarfin is a
more suggestive name for these transcription regu-
lators and it was the name first used,®'® “Smad”
(Smad =sma + Mad) has been widely used
instead.>"?

Crystal structures for both MH1 and MH2
domains of Smad are available.?**?! The structure
of the MH2 domain suggests its common ancestry
(i.e. homology) with FHA domain.**>~** FHAs com-
prise a large family of nuclear signaling protein-
protein interaction domains present in eukaryots
and prokaryots.”?® The origin of MH1 domain,
however, remains enigmatic. Sequence anal;sis
methods detect MH1 (dwarfin A in SMART??)
only in the proteins from the Smad (=dwarfin)
family.>**° The spatial structure of MH1 domain
(PDB code 1mhd) has been considered unique?!
and classified under a fold of its own in SCOP
database (1.53 release).”*** Structure similarity
search programs such as VAST**? and CE* do
not find MH1 domain similar to any other protein
structures in PDB.** All Smad proteins are
eukaryotic,”?*3% and prokaryotic homologs of
MH]1 are not known. To fully understand function
of the MH1 domain it is important to trace its evol-
utionary history.

Through a combination of sequence and struc-
ture-based analyses we argue that the MHI1
domain is homologous to the diverse His-Me fin-
ger homing endonuclease family enzymes®*** that
are present in all kingdoms of life. The structural
link with homing endonuclease was hinted by the
DALI structure similarity search program®~* that
employs comparison of distance matrices. DALI
finds several protein structures to be similar to
MH1 domain. However, only one structure match,
namely with intron-encoded endonuclease I-Ppol
(PDB entry 1a73), covers significant fraction of
both molecules (63 % of 1mhd length and 48 % of
1a73 length). DALI superimposes C* atoms of 78
residues in 1mhd and 1a73 with RMSD of 3.3 A
and Z-score of 2.7. The resulting structure-based
sequence alignment exhibits 16 % of identity. Like-
wise, the DALI search started with I-Ppol (1a73)
finds only a single structural neighbor: MHI1
domain (1mhd) of Smad. Since the Smad MH1 and
I-Ppol structures where published within the same
year,”'”? the similarity between them simply could
not be noted in the original publications that
describe the structure solution and thus it
remained unnoticed. To evaluate the DALI results,
comprehensive sequence-structure-functional com-
parison between the MH1 domain and I-Ppol
endonuclease has been undertaken.

I-Ppol belongs to the Cys-His box subfamily of
homing nucleases.®’ Its structure has been deter-
mined in complex with DNA (PDB entry 1a73).%
The enzyme is composed of three subdomains, two
of which have structural equivalents in MH1 Smad
(Figure 1(a), blue/yellow and purple/green). The
functional segment of the first subdomain is a
three-stranded B-sheet cde that binds in the major

groove of DNA. The turn between f-strands ¢ and
d incorporates active site Arg61.*'**> The core of
the first subdomain is completed by two o-helices
A and B. The second subdomain is folded into a
left-handed BPo unit with a long Q-loop between
the B-strands f and h. Part of the Q-loop is in
extended conformation and is structured as a
B-strand g. This subdomain is present in several
related families of intein endonucleases*'*” and
contains catalytic His98.* The edge of the p-strand
f and an a-helix C form contacts with DNA in the
minor groove. The endonuclease active site is situ-
ated in the cleft between the two subdomains and
substrate DNA chain fits into the cleft. The core of
the I-Ppol molecule is unusual, since it is struc-
tured around a Zn**.* Three of the zinc ligands
are contributed by the Q-loop and the fourth is
donated by a long twisted B-hairpin ab inserted in
the N-subdomain. This family of nucleases was
termed Cys-His-box due to the presence of the con-
served zinc ligands.*

From the global structural comparison
(Figure 1(a) and (b)), it is clear that MH1 and
I-Ppol possess the same fold, since they have the
same secondary structural elements in the same
spatial arrangement and with the same topological
connections. Indeed, out of 11 abovementioned
regular secondary structural elements of I-Ppol,
nine have structural equivalencies in MH1 domain
(Figure 1(a) and (b)). The first subdomain contains
a reduced version of the three-stranded B-sheet cde
and two o-helices A and B. The B-sheet (B-hairpin
de in particular) fits into the DNA major groove.?!
The second subdomain consists of the B-Q2-loop-B
unit, which ends the region of MH1 with deter-
mined X-ray structure.”® The C-terminal o-helix C
is not covered by this region. The second subdo-
main of MHI1 is not close to DNA since the DNA
segment present in the crystal is too short. Endonu-
clease active site residues His, Arg, and Asn are
not present in MH1. Arg61 and Asn123 of I-Ppol
are mapped to the regions lacking in MHI struc-
ture (Figure 1(c)) and His98 aligns with Alal07.
Despite the absence of these active site residues,
DNA-binding modes of I-Ppol and MHI1 are simi-
lar (Figure 1(a) and (b)). The B-hairpin de binds to
the DNA major groove in both structures.

Most importantly, however, the three Zn®'-
binding residues in the Q-loop regions are con-
served between MH1 and I-Ppol sequences
(Figure 1(a) to (c)). Moreover, the cysteine residue
from the inserted B-hairpin ab in I-Ppol structure
superimposes with MHI1 cysteine placed in a struc-
turally equivalent insertion A'b. Such conservation
of the three cysteine residues and a histidine resi-
due is surprising, since metal ion is not modeled in
the MH1 structure?” and zinc or other structure-
stabilizing metal ions were not mentioned in exper-
imental studies of Smad proteins. To address the
question about the potential metal binding site in
MHI1 domain of Smads, local structural similarity
around the zinc-binding site of I-Ppol was exam-
ined. Local superposition of the zinc-binding site
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Figure 1. Global structural similarity between homing endonuclease and MH1 domain of Smad. The ribbon
diagrams of (a) homing endonuclease I-Ppol from Physarum polycephalum (PDB entry 1a73, residues A7-A125) and (b)
human Smad3 MHI1 domain (PDB entry I1mhd, residues A29-A132) in complex with DNA were drawn by
Bobscript,”” a modified version of MOLSCRIPT.?® The structures were superimposed and then separated for clarity.
N and C termini are labeled. The spatially equivalent structural elements are colored correspondingly in the two
structures. o-Helices/B-strands in the N and C-terminal subdomains are colored in blue/yellow, and in purple/
green, respectively. Insertion in the N-terminal domain is shown in gray. The DNA chains are red. The side-chains of
active site residues (red) and zinc ligands (orange) in homing endonuclease and corresponding residues in MH1
Smad are shown in ball-and-stick presentation. Zinc ion is shown as orange ball. (c) Structure-based sequence align-
ment of endonuclease I-Ppol (1a73) and Smad3 MH1 (1Imhd) generated by DALI**® and modified manually. The
panel label, PDB entry name, starting and ending residue numbers are given for each protein. Invariant residues are
boxed with black and conserved substitutions are shown in bold letters. The numbers of residues omitted from the
alignment are shown in brackets. Color shading and labels of secondary structure elements correspond to those
shown in (a) and (b). The active site residues and zinc ligands in endonuclease are marked above the alignment with

a 1a73 A7e
b 1mhd A83

red and orange dots, respectively, and their side-chains are displayed on the (a) and (b).

of I-Ppol with the structurally equivalent regions
in MH1 revealed a very close match in main chain
conformations: RMSD of 1.05 A for 152 backbone
atoms of 19 residues (Figure 2(a) to (c)). The region
covered by the superposition includes not only the
two B-strands of the hairpin th (Figure 1(a) and
(b)), but also the Q-loop with the short inserted
B-strand g that forms hydrogen bonds with the
B-strand b. This particular structural unit does not
occur frequently in proteins. Moreover, the confor-
mations of conserved cysteine and histidine side-
chains are very similar between the two structures
(Figure 1(a)-(c)), and the four residues with metal-
chelating properties in MH1 domain are arranged
to form a potential metal-binding site. Addition-
ally, the distance geometry of C109 and C121 in
1mhd deviates from ideal, for example in C109,
CP-S7 distance is 1.91 instead of being close to 1.82.
Furthermore, the PDB header record (1mhd) shows
the presence of two disulfide bonds: C64-C109 and
C109-C121. It appears that C109 is simultaneously
involved in two different disulfide bonds, which is

not possible. It should be noted, however, that Shi
et al?* did not assign any disulfide bonds to the
MH1 domain and the assignments in the PDB
header are done automatically on the basis of short
distances between the corresponding sulfur atoms.
In summary, structural comparison of MH1 and I-
Ppol and deviations from ideal geometry around
the potential metal-binding site in MH1 domain,
allow us to speculate that a metal ion may be pre-
sent in the MHI1 molecules, but additional exper-
imental data are needed to clarify the question.
Residue conformations in MH1 and I-Ppol
near the zinc-binding site are very similar
(Figure 2(a)-(c)). To approach the question if this
structural similarity is reflected in the amino acid
sequences, multiple alignment of these regions was
constructed (Figure 2(d)). The sequences of
Smad and endonuclease homologs were retrieved
in  iterative = PSI-BLAST and PHI-BLAST
searches.”***~% The searches were performed
against the non-redundant protein sequence data-
base (nr, Oct 17, 2000, 574,979 sequences;
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Figure 2. Zinc binding site in
MH domain of MAD and hom-
ing endonucleases. The ribbon
diagrams of a zinc binding site
(Cys-His box) in (a) human
Smad3 MH1 domain (PDB
entry 1mhd, residues A63-A68,
A102-A130) and (b) homing
endonuclease I-Ppol from Phy-
sarum polycephalum (PDB entry
1a73, residues A40-A45, A95-
A114). Zinc ligands in homing
endonuclease and their struc-
tural equivalents in MHI1
domain are labeled and shown
in ball-and-stick presentation.
Zn?** is shown as orange ball.
() The stereo diagram of
superimposed Zn-binding sites
of MHI1 (red) and endonuclease
(blue). Protein backbones, side
chains of zinc ligands, and
Zn** are shown. Superposition
was performed using Insightll
package (MSI Inc) according to
the DALI alignment??% A
total of 152 backbone atoms of
19 residues from the two mol-
ecules  superimpose  with
RMSD of 1.05 A; the following
segments from chains A were
superimposed:  1a73, 40-43,
96-99, 104-114 wversus 63-66,
103-106, 120-130 of 1mhd).
(d) Sequence alignment of the
Cys-His box region in repre-
sentative sequences of Smad
MHI1 (top) and HNH endonu-
clease families (bottom). Pro-
tein name, gene identification
(GI) number of the NCBI/Gen-
bank protein sequence data-
base, organism abbreviation,
first and the last residue num-
bers and the total number of
residues are shown for each
sequence. Names for Smad3
MH1 (PDB 1mhd) and endonu-
clease I-Ppol (PDB 1a73) are
shown in red and blue, respect-
ively. GIs of the sequences
with known spatial structure
are underlined: 6137496 corre-
sponds to PDB entry 7cei,
chain B. Some name abbrevi-
ations: HP, hypothetical
protein;, CoE7, endonuclease

domain of colicin E7. The species name abbreviations are: Ce, Caenorhabditis elegans; CV, Paramecium bursaria Chlorella
virus 1; Di, Didymium iridis; Dm, Drosophila melanogaster; Ec, Escherichia coli; Hs, Homo sapiens; Ni, Naegleria andersoni;
¢Y, bacteriophage phi-YeO3-12; Pp, Physarum polycephalum; SP, bacteriophage SPO1; T3, bacteriophage T3; T7,
bacteriophage T7. Only sequence segments that are in close proximity for the zinc-binding site are shown. Long inser-
tions are not displayed: the number of omitted residues is specified in brackets. Potential zinc ligands are boxed with
black, active-site histidine residue in endonucleases is boxed with red, the uncharged residues (all amino acids except
D,E,K,R) in mostly hydrophobic sites are highlighted in yellow, the non-hydrophobic residues (all amino acids except
W,EY,M,LLV) at mostly hydrophilic sites are highlighted in light gray, and the small residues (G,P,A,S,CT,V) at
positions occupied by mostly small residues are shown in red letters. Secondary structure consensus is shown below
the alignment. The B-strands are displayed as arrows colored and labeled according to the scheme from the Figure 1.
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180,825,488 total letters) maintained at the National
Center for Biotechnology Information using differ-
ent sequences as queries. The parameters used
were: an E-value threshold of 0.01, BLOSUMS62
matrix,** no low complexity filtering*** and no
composition-based statistics.*” The representative
sequences from the MH1 Smad family include not
only DNA-binding Smads, but also anti-Smads,
such as Smad 6 and 7 (Figure 2(d)). The potential
zinc ligands that comprise the core of the MHI1
domain are invariant in all of the family members
and demonstrate that the MH1 domain is con-
served in anti-Smads as well. Endonuclease
sequences constitute two groups. The first group
contains Cys-His box motif*’ that should be able to
bind zinc. The I-Ppol protein belongs to this group.
The members of the second group lack the zinc
ligands and are known as the NHN family.”*!
NHN group is typified by the Escherichia coli
DNase domain of colicin E7 with known
structure® (PDB entry 7cai, Figure 2d, CoE7). The
catalytic histidine residue is invariant in all active
endonucleases (Figure 2(d)). Bacteriophage T
sequences Y53, Y77 and Y28 (Figure 2(d)) with
Cys-His box motif were attributed to the NHN
family previously.” Thus the Cys-His box motif
sequences are a subfamily within the NHN famil-
y.>>7>° Due to the absence of a cysteine residue and
significant sequence divergence, detection of the p-
strand b in the proteins that lack Cys-His box
motif is challenging, and this region is not shown
in the alignment (Figure 2(d)). Comparison of the
MH1 and endonuclease families reveals conserva-
tion of the Cys-His box motif that is not limited to
the invariant zinc ligands. The patterns of hydro-
phobicity and the distribution of small residues are
conserved as well (Figure 2(d)). Sequence similarity
between the families is the strongest in the gh
region (Figure 2(d)). For example, the eight residue
string CCNPHHLS in human Smad? corresponds
to the string CCNPEHLS in Y28 bacteriophage T7
endonuclease with a single mismatch. Thus the
sequences of MH1 and endonucleases show simi-
larity in the Cys-His box region.

The overall fold resemblance, significant local
structural match near the core of both molecules
assembled around Zn?*, local sequence similarity
in the zinc-binding site region combined with func-
tional similarity in DNA-binding modes strongly
suggest that I-Ppol and MHI1 shared a common
ancestor and are homologous.”  His-Me
endonucleases®?* and MH1 domain of Smads
(dwarfin A) should be classified within the same
superfamily. Since most members of this superfam-
ily are endonucleases that are present in all major
phylogenetic lineages and MH1 domains are exclu-
sively eukaryotic, it is likely that MH1 is a modi-
fied endonuclease that was recruited as a
transcription regulator. Thus MH1 of Smad rep-
resents another example of an ancient enzymatic
domain that lost its catalytic activity and functions
as a transcription factor in eukaryots.*
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