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Colorectal cancer, one of the most challenging malignancies, still has a limited number of recognized prognostic and predictive markers indicating appropriate treatment. MACC1 (metastasis-associated in colon cancer-1), a novel regulator of tumor growth and metastasis has recently been
identified as an important prognostic factor of metastatic disease in colorectal cancer. The mechanism of MACC1 activity remains undetermined. Here we apply a combination of fold recognition and homology modeling algorithms to draft MACC1 function. The applied methods revealed
that the MACC1 protein consists of four domains: ZU5, SH3, and two C-terminal death domains
(DD). Previously a similar domain architecture (ZU5–DD) was observed in other proteins, involved mainly in signal transduction and apoptosis regulation. Based on the specific aspects of
the closest homologues’ biology functional hypotheses on MACC1 are proposed. A broad range
of bioinformatic analyzes indicates that MACC1, besides its involvement in signal transduction
from the MET receptor, links MET signaling and apoptosis.
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Introduction

Colorectal cancer is one of the most challenging malignancies. Currently there are no well recognized molecular prognostic factors other than histopathologic description identifying subpopulations
of patients who can benefit from more aggressive
adjuvant treatment after primary radical surgical
therapy (UICC stages I and II). A recent report by
Stein et al. (2009) described a newly identified gene
MACC1 (Metastasis-associated in colon cancer-1) as
a novel key regulator of tumor growth and metastasis. Those authors presented results indicating the
importance of MACC1 expression as a prognostic
factor of metastatic disease and thus a promising
aim for further studies. Increased MACC1 expression was shown to be associated with induced cell
migration and metastasis. MACC1 was also outlined
as responsible for other aspects of carcinogenesis —
Corresponding

including cell proliferation and tumor growth (Stein
et al., 2009).
Stein and coworkers in their report provided
a simple bioinformatic analysis of MACC1 protein.
By application of several basic sequence annotation
methods they identified a single internal protein
domain (SH3) and predicted several potential short
functional regions located throughout the sequence
of this protein. In the final conclusions the authors
suggested that MACC1 is a transcription regulator
of the MET proto-oncogene, despite the fact that no
clear links to any known DNA-binding activity were
identified.
In response to the observations of Stein et al.
(2009) on MACC1 activity one more point should
by noted. As postulated previously (Wyrwicz et
al., 2004) a usage of statistically unverifiable bioinformatic methods — like searching for short potentially functional motifs — should be used with great
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caution. Stein et al. (2009) reported the presence of
proline-rich motifs, Eps15 homology motifs, interaction sites for clathrin and retinoblastoma protein,
and motifs potentially recognized by SH3 and SH2
domains. Eight out of the eleven functional regions
indicated by Stein and coworkers are at least partially located within domains described here (not
shown). In such a situation the effect of mutation or
deletion of such motifs cannot be treated as a proof
of its functionality — e.g., the PXXP motif analyzed
in the original Stein et al. (2009) report is located directly before the SH3 domain. Therfore creation of
a protein construct lacking this fragment may rather
interrupt the proper functioning of this domain than
confirm a functionality of the motif (Gurtner et al.,
2008).
Previously we applied advanced methodology of protein structure prediction augmented with
structural modeling in identification of distant similarity of various yet-unknown genes (Knizewski et
al., 2008; Kokoszynska et al., 2008a; 2008b; Wyrwicz
et al., 2008; Wyrwicz & Rychlewski, 2008). Since
the prediction of protein structure can be highly
useful in elucidation of its likely molecular activity (Wyrwicz & Rychlewski, 2007) we applied a
broad range of bioinformatic algorithms of protein
structure prediction to broaden the knowledge of
MACC1 biology.

Methods

Homologs of MACC1 were collected from
the NR (non-redundant) database of NCBI (National Center for Biotechnology Information) using PSI-BLAST (Altschul et al., 1997). The collected
sequences were clustered at 70% sequence identity
with Cd-hit (Li & Godzik, 2006) and aligned with
ClustalW (Thompson et al., 2002) and PCMA (Pei et
al., 2003) algorithms. The globular domain regions of
MACC1 were assessed with GlobPlot (Linding et al.,
2003) and submitted to the Protein Structure Prediction MetaServer (http://bioinfo.pl/meta) (Bujnicki et
al., 2001) — a server uniting a number of fold recognition (including 3D-PSSM (Kelley et al., 2000)
and INUB (Fischer, 2003)) and homology modeling
methods (FFAS3 (Jaroszewski et al., 2005), MetaBasic (Ginalski et al., 2004)). Secondary structures were
predicted with PsiPred (McGuffin et al., 2000) and
Jpred (Cuff et al., 1998). The obtained results were
analyzed by 3D-Jury — a consensus fold recognition
method (Ginalski et al., 2003; Wyrwicz et al., 2004).
Sequences of proteins with similar domain composition (SH3BP4, UNC5, ANK) were analyzed independently with the same methods. The structural
templates of protein domains were mapped to the
multiple sequence alignment of MACC1 homolo-

2009

gous sequences and manually adjusted based on
the results of secondary structure prediction, amino
acid properties and the presence of functional residues (Wyrwicz & Rychlewski, 2007). The homology
models of single domains were reconstructed with
Modeller 9 (Sanchez & Sali, 2000). Visualizations
of models were performed with Swiss-PDB Viewer
DeepView version 4.0 (Kaplan & Littlejohn, 2001)
and PyMOL (http://www.pymol.org).

Results and discussion

As depicted in Fig. 1, MACC1 consists of
several distinct functional regions: ZU5 (PfamA
(Finn et al., 2006) domain PF00791), SH3 (SH3_2
— PF07653) and death domains (DD — PF00531;
for detailed sequence-to-structure alignments refer
to Figs. 2–5). The first domain belongs to the ZU5
family which is typically found in receptor and cytoskeleton proteins, including ankyrins and netrin
receptors (Fig. 2). The structure of this domain was
recently resolved by Ipsaro et al. (2009). In various
experimental studies ZU5 has been shown to form
a novel type of protein–protein interaction interface
probably involved in binding of spectrins (Sikorski
et al., 2000; Zhang et al., 2004). Here specifically, the
co-localization near the cell membrane allows high
affinity binding of ZU5 to signal transduction proteins (Ipsaro et al., 2009).
The second domain of MACC1 protein is a
small SH3 domain that forms a β-barrel structure
with numerous conserved hydrophobic residues
whose side chains pack into the barrel’s core (for
alignment compare Fig. 3). This domain, properly
predicted by Stein et al. (2009) in fact belongs to the
SH3_2 family by the PFAM classification of protein
families (Bateman et al., 2000). Other members of
SH3_2 are present in a number of proteins including
homologous SH3BP4 protein, tight junction proteins
and a number of membrane proteins. This domain
mediates protein–protein interactions of protein tyrosine kinase-dependent signal transduction pathways

Figure 1. General overview of the domain composition
of MACC1, SH3BP4 and related proteins (ANK, UNC5,
UNC5CL).
Following domains are defined with letter code: ZU5, SH3,
DD (death domain), ANK repeat (ankyrin repeat motifs),
IG (immunoglobulin domain), TSP (thrombospondin domain), TM (transmembrane domain).
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Figure 2. Multiple sequence alignment of ZU5 domains of MACC1 and SH3BP4 proteins with ANK, UNC5 and TJP1
protein families ZU5 domains.
Corresponding sequences are defined with GenBank entries (coded with GenBank identifier — gi) and organism of origin. Numbers in brackets refer to positions of presented sequence fragments. Observed (Protein Data Bank entry 3F59_
A) and predicted (Psipred, Jpred) secondary structure elements are coded with letters (H, α-helix;, E, β-strand).

Figure 3. Sequence-to-structure alignment of putative SH3 domain of MACC1 and SH3BP4 proteins and SH3 domains of resolved structure and its homologous sequences.
For detailed description refer to Fig. 2.

— it participates in the formation of stable protein
complexes and regulates protein function by binding
to their proline-rich motifs sequences.
The remaining two C-terminal domains belong to the death domain family (DD) — both of a
six helical bundle fold (Figs. 4 and 5). The prediction
was confirmed by the quality assessment tool 3DJury with a confidence score up to 61.18 and 50.83
for the first and second DD domain, respectively,
with earlier tests indicating that predictions achiev-

ing a minimum 3D-Jury score of 50 are associated
with less than 5% of erroneous fold prediction (Ginalski et al., 2005).
The typical function of a death domain is
formation of oligomeric signaling complexes in
regulation of apoptosis. This domain mediates
self-association with DDs of other proteins in induction of pro-apoptotic signals. MACC1 has a
unique double DD architecture (compare Fig. 1)
and for the best of our knowledge such composi-
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Figure 4. Sequence-to-structure alignment of putative DD of MACC1 homologs and DD retrieved from PDB.
Additionally the death effector domain (DED) sequences, structurally aligned with DD domains are presented. For detailed description refer to Fig. 2.

Figure 5. Sequence-to-structure alignment of putative second DD of MACC1 homologs and DD retrieved from PDB.
Additionally the death effector domain (DED) sequences, structurally aligned with DD domains are shown. For detailed
description refer to Fig. 2.

tion has not been reported previously (Reed et al.,
2004).
The functional information on a given protein
should be analyzed in the spectrum of functions of
its closest homologs. The homolog of MACC1 pointed by Stein et al. (2009) — SH3BP4 (SH3-domain
binding protein 4; gi|7657562) — possesses an overall sequence identity of 43% between human orthologs and as expected carries all the above-mentioned
domains (Fig. 1). SH3BP4 also harbors an additional
N-terminal SH3 domain, which represents a different subgroup of SH3 family (SH3_1 – PF00018). The

SH3_1 of SH3BP4 exhibits a high degree of similarity to the SH3 domains of SRC tyrosine kinase receptors (about 40% identity to human SRC proteins;
gi|125707). What should be mentioned here, SH3BP4
also known as TTP (transferrin receptor trafficking
protein) was reported to be involved in the control
of internalization of specific protein receptors via
clathrin-mediated endocytosis, but the exact mechanism of its action remains uncertain (Tosoni et al.,
2005).
Previously a similar domain architecture
(ZU5–DD) was observed in other proteins (Reed et
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al., 2004), including those related to sensing of extracellular signals, like members of the family of netrin
receptors (UNC5 family). As reported previously,
UNC5s are transmembrane receptors down-regulated in a number of cancers. UNC5s associate the cytoplasmic domains of different receptors and participate in the induction of apoptosis when not bound
by their ligands (Freitas et al., 2008). Closely related
ZUD proteins (UNC5-like, cytoplasmic inhibitors of
NF-κB protein activation) blocks NF-κB-dependent
transcription by binding to its target sequences. Notably, ZUD is a homolog of UNC5 and the major
difference here is associated with missing N-terminal transmembrane region (Gentleman et al., 2004).
Other proteins with a similar domain composition
belong to the family of ankyrins (ANK) — proteins
playing a role of an interface between the cell membrane and the cytoskeleton (Bialkowska et al., 1994).
Ankyrins also participate in signal transduction
through binding a number of integral membrane
and cytoskeletal proteins (Rubtsov & Lopina, 2000).
Apart from that, several lines of data link ankyrins
to regulation of cell accumulation. As reported by
Del Rio et al. (2004) DD of kidney ANK interacts
with the cell death-associated receptor FAS to promote FAS-mediated cell death in renal epithelia. This
mechanism is somehow conserved for some plant
ankyrin-repeat containing proteins (Dong, 2004).
The applied methods of distant homology
mapping (MetaBasic) clearly indicate that there
are no additional genes encoded in the human genome which can exhibit similar domain composition
(ZU5–DD). Also, our detailed analysis clearly shows
that neither of the described proteins contains any
known DNA-binding module, which is strongly supported by literature data on the functions of these
proteins. All the genes mentioned above encode a
death domain in the 3’ terminal part of the open
reading frame. Unexpectedly, MACC1 and SH3BP4
have two C-terminal domains belonging to the death
domain family — both comprising a six helical bundle fold (Figs. 4 and 5). The typical function of DD
is formation of an oligomeric signaling complex in
regulation of apoptosis. This domain mediates selfassociation of death domains with other proteins,
which initiates a signal leading to apoptosis (Lahm
et al., 2003). Notably, two DD architecture as seen
for MACC1 and SH3BP4 has not been reported previously. It partially resembles the composition observed for other related protein domains from the
same structural superfamily (Death clan; CL0041
(Finn et al., 2006)) which apart from DD contains
death effector domain (DED), caspase recriutment
domain (CARD) and PAAD (Pyrin/DAPIN) domain
(Weber & Vincenz, 2001). A tandem composition of
domains from this clan is observed in various proteins, e.g. in caspase-8 and 10 (double DED), fas-as-
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sociating death domain-containing protein (FADD)
with a DED-DD composition (Sheikh & Huang,
2003) or caspase-2 DD–CARD (Baptiste-Okoh et al.,
2008). Here we assume that MACC1 can form similar mutual interdomain interactions. Although domains belonging to the death clan are not restricted
to apoptosis regulators, such tandem composition is
observed only in proteins directly involved in regulation of programmed cell death (Reed et al., 2004).
To give an insight into the structure of MACC1
DDs we searched PDB for similar domain compositions with sequence approaches (Psi-BLAST vs PDB),
profile-profile approaches (Meta-Basic vs double DD
query), and structural methods (3D-HIT). We identified three experimentally determined structures with
such composition of double death clan domains as
found in FADD (DED-DD, PDB: 2GF5), Molluscum
contagiosum virus subtype 1 protein MC159 (DEDDED, PDB: 2BBZ) and Kaposi’s sarcoma associated
virus vFLIP protein (DED-DED, PDB: 3CL3, chain
A). Modeling revealed that MACC1 lacks a needed
15–20 amino-acid helical linker between the two domains to form a structure observed for FADD, while
the double DED domains of either vFLIP or MC159
represented highly similar structures (C-alpha atoms’ RMSD — 1.58 Å over 73% of aligned proteins;
Deep View PDB Viewer; not shown). Finally, vFLIP
was selected for modeling of inter-domain relations
of MACC1 DDs (Fig. 6). The analysis of conservation of hydrophobic patches and characteristic surface features of such tandem composition confirms
the invariability of the relative position of the domains (Yang et al., 2005).

Figure 6. Superimposed structure of double death effector domain (DED)
(grey, Protein Data Bank entry 3CL3_A) and two putative
Death domains (DD) of MACC1 protein (red, DD1; yellow, DD2) modeled with Modeller 6.2, according to the
structural alignments shown in Figs. 3 and 4. N-terminal
and C-terminal parts are marked respectively with N and
C letters.
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According to Stein et al. (2009) MACC1 is a
crucial regulator of MET (mesenchymal-epithelial
transition factor) — a proto-oncogene encoding a
membrane receptor for hepatocyte growth factor,
HGF (Dudkowska et al., 2007). As previously reported, the upregulation of MET/HGF signaling leads to
invasive growth via both metastasis and induced angiogenesis. The MET receptor has a dual anti-apoptotic and pro-apoptotic role in different cell types
and in response to diverse stress conditions. While
the knowledge on MET is expanding continually,
the specific aspects of the balance of pro- and antiapoptotic activity MET remain only partially known.
MET, when activated by its ligand, is able to induce
cell survival. The activated MET induces PI3K–Aktdependent signaling leading to anti-apoptotic response. When no ligand is bound to MET, the receptor is subject of caspase-dependent cleavage leading
to the formation of a pro-apoptotic fragment of MET
(p40). The mechanism of protection of MET from
limited proteolysis remains undiscovered (Street
et al., 2000; Ma et al., 2003; Dudkowska et al., 2007;
Moumen et al., 2007). Based on the results of fold
recognition we propose that MACC1 can regulate
the HGF/MET signaling via interaction with the intracellular part of the MET receptor as observed for
both SH3BP4 and UNC5s. Concluding, the structural modeling of MACC1 has revealed an unexpected
domain composition with direct links to regulation
of apoptosis, which should be addressed in further
experimental studies.
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