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Conserved transactivation domain
shared by interferon regulatory factors

and Smad morphogens

Abstract Interferon regulatory factors
(IRFs) regulate the transcription of
both interferon-inducible genes and in-
terferons themselves. Along with the
N-terminal, DNA-binding, winged-he-
lix domain, most IRFs contain the C-
terminal domains that are shown to be
related to the C-terminal domainsin
the proteins of the Smad family that
mediate transcription activation in the
transforming growth factor response
pathway. Comparison of the IRF-Smad
alignment to the known three-dimen-
sional structure of human tumor sup-
pressor Smad4 suggests that a con-
served loop, equivalent to Loop 3in
Smad 4, is a determinant of protein-
protein interaction in IRFs.
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Introduction

Interferon regulatory factors (IRFs) are
transcriptional regulators important in
controlling the expression of interfer-
ons and interferon-inducible genesin
response to virus infection and other
stimuli in animals (reviewed in [17]).
The IRF family members share a con-
served N-terminal DNA-binding do-
main which is characterized by afive-
tryptophan signature and also have C-
termina domains, thought to mediate
protein-protein interactions with other
components of transcriptional machin-
ery. Indeed, one of the IRF proteins,
Pip, has been isolated by virtue of the
specific interaction of its C-terminal
domain with another transcriptional
regulator PU.1 [7]. Other interactors of
IRFs may include transcriptional acti-
vators ATF-2 and NF-kB and the high-
mobility group protein HMG I (Y),
which are the components of the en-
hanceosome, alarge complex mediat-
ing transcription of the interferon 3
gene (IFN-PB) [18]. Recently the crystal
structure of IRF-1 N-terminal domain
in acomplex with its cognate DNA
segment PRD | from the IFN-[3 pro-
moter, was determined, establishing the
winged-helix architecture for this do-
main [8]. IRF-1 joins the aBBoafp
structural class to which severa other
transcription regulators also belong
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(SCOP: Superfamily: Winged DNA-
binding domain. http://scop.mrc-
Imb.cam.ac.uk/scop/da-
ta/scop.1.001.004.003.html). Apart
from this structural assignment, no
seguence similarities between IRF
proteins and any proteins outside of
the family have been reported.

We partitioned sequences of the IRF
family membersinto putative globular
and nonglobular domains, using the
SEG program with a set of parameters
optimized for this purpose [20]. In
most of the IRFs the segments homolo-
gous to the known IRF-1 DNA-binding
domain corresponded to the N-terminal
globular portion, typically separated
from the C-terminal globular domain
with a predicted elongated hinge (data
not shown). Multiple alignments of the
C-termina domains of |IRF proteins
were constructed using the MACAW
program [15], and the most conserved
regions were converted into profiles
[4]. The nonredundant protein se-
quence database at NCBI was
searched, using WiseTools [4] to detect
additional related sequences.

Comparison of various | RFs shows
high similarity in the C-terminal do-
mains of IRFs 3—7. PSI-BLAST
searches with the C-terminal domains
of the mum-1/IRF4/ICSAT subgroup
also detected similarity to the C-termi-
nal domains of Smad proteins, animal
proteins involved in development, and
specifically mutated in pancreatic car-
cinomas and other tumors in humans
[3, 13]. In particular, search with the
C-terminal domain of mum-1
(gil 698625; amino acids 111-451) re-
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Fig. 1 SMIR domain in IRF and Smad pro-
teins. Unique identifier for each sequence
in SWISSPROT or GenBank is shown. Dis-
tances between the most conserved blocks
and to both termini of each protein are
shown. Yellow shading conserved bulky
hydrophaobic residues (I, F, L, M, V, Y, and
W). Pink shading Other highly conserved
residues (including small side chain residues
A, G, and S; positively charged R and K;;
and negatively charged E and D). Secondary
structure elements in the known X-ray
structure of Smad-4 are shown (1YGS) as
well as secondary structure of |RF4 predict-
ed by the PHD program [14] (only predic-
tion with reliability index 6 or above were
included). In the secondary structureline: s
strand; h helix; | loop. 1718311, ORF K-9
product, Kaposi’s sarcoma-associated her-
pesvirus; 1163234, deleted in pancreatic
carcinoma (DPC-4) tumor suppressor (hu-
man), 470367, R13F6.9 (C. elegans),
€250372, RO5D11.1 (C. elegans)

trieved a mouse Mad-related protein
(gi1658159) with the probability of
matching by chance 104 at the first it-
eration. In areciprocal search with the
C-terminus of gi1658159 (amino acids
231-410), mum-1 was retrieved at the
first iteration with the probability
510-3. Additional members of IRF and
Smad families, without false positives,
continued to be retrieved in the latter
search until convergence at the seventh
iteration. Altogether, more than 45
Smad-related proteins and more than
35 IRF-related proteins were detected
in this experiment. No new homologs
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could be detected in database scan us-
ing acombined profile built from the
complete set of aligned IRF and Smad
proteins. Thus, C-terminal domains of
IRFs and of Smad proteins comprise a
distinct family, thus far recognized on-
ly in animals (and in an animal herpes-
virus associated with Kaposi's sarco-
ma).

Smad proteins participate in trans-
ducing signals from extracellular li-
gands, such as transforming growth
factor (TGF-[3) and bone morphogenet-
ic proteins. Specific members of Smad
family are phosphorylated by ligand-
activated receptor kinases, resulting in
formation of hetero-oligomers, which
are translocated into the nucleus where
they are thought to directly affect tran-
scription of the target genes[2, 11, 21].
The N-terminal domains of Smad, thus
far found only in this protein family,
are able to interact with specific DNA
sequences [21], although very few spe-
cific targets of Smad-dependent tran-
scriptional activation have been char-
acterized thusfar [19]. The three-di-
mensional structures of a C-terminal
domain of Smad-4 in amonomer and
in a homotrimer have been resolved
[16]. The core structure consists of an
11-strand B-sandwich, with flanking a-
3 subdomains that lock subunits within
atrimer.

Multiple sequence alignment of
IRF and Smad proteins was compared
with the known structure of Smad-4.
The regions of the highest conservation

include most of the 3-strands and loop 3.
Interestingly, the sequence is less con-
served in the regions corresponding to
the strands 3 and 4, and the helices 1,
2, and 3 in the Smad-4 structure (Fig.
1, and data not shown). Since this set
of elementsisinvolved in the intersub-
unit contacts, one may speculate that
the monomers of IRF-C and Smad
adopt similar folds, but intermolecular
interactions of IRF-C differ from those
in Smad proteins. Secondary structure
prediction for IRF proteinsis largely
compatible with these data, predicting
strands 1, 5, 6, 7, and 11 aswell as hel-
ices 1 and 3, in the appropriate posi-
tions. The C-terminal regionsin IRFs 1
and 2 are distantly related to each other
but appear to be unrelated to other
IRFs or to Smad proteins. Secondary
structure prediction for IRF1 suggests
at least three beta-strands, indicating a
probability of an all-betafold in thisar-
ea, but it remains to be seen whether
this region adopts the same fold as the
Smad C-terminal domain.

Of particular interest is the region
that formsthe L3 loop in Smad4. The
homologous regionsin closely related
Smad-1 and Smad-2 directly interact
with the TGF receptor and the bone
morphogenetic protein receptor, re-
spectively, and have been implicated in
additional interactions at the down-
stream stages of signal transduction
[12]. The L3 loop is partialy con-
served in IRF C-terminal domains (Fig.
1), indicating that it may be a major



405

determinant of IRF interaction with
other proteins.

Transcriptional regulators of IRF
family consist of two distinct modules,
the N-terminal winged-helix DNA-
binding domain and the C-terminal
protein-binding domain, present in
most |RFs but not defined in IRF-1 and
IRF-2. We refer to this domain as
SMIR (Smad and IRF). The SMIR do-
main appears to be a portable protein-
protein interaction module that can be
associated with at least two different
classes of DNA-binding modules. In-
terestingly, all known interaction part-
ners of IRF proteins have nuclear func-
tions [18], whereas the best studied in-
teracting partner of the L3 loop in
Smad proteinsis the cytoplasmic por-
tion of TGF receptor [12], although a
nuclear interactor has also been recent-
ly described [11]. It istempting to
speculate that all SMIR domains or
their L3 loops are able to interact with
both nuclear and cytoplasmic proteins,
either as monomers, or as hetero-oligo-
mers, with distinct subunitsinvolved in
compartment-specific interactions.
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