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Abstract
Background: Multimeric protein complexes have a role in many cellular pathways and are highly
interconnected with various other proteins. The characterization of their domain composition and
organization provides useful information on the specific role of each region of their sequence.

Results: We identified a new module, the PAM domain (PCI/PINT associated module), present in
single subunits of well characterized multiprotein complexes, like the regulatory lid of the 26S
proteasome, the COP-9 signalosome and the Sac3-Thp1 complex. This module is an around 200
residue long domain with a predicted TPR-like all-alpha-helical fold.

Conclusions: The occurrence of the PAM domain in specific subunits of multimeric protein
complexes, together with the role of other all-alpha-helical folds in protein-protein interactions,
suggest a function for this domain in mediating transient binding to diverse target proteins.

Background
The PCI/PINT (Proteasome, COP9, Initiation factor) and
the MPN (Mpr1-Pad1 N-terminal) domains are two mod-
ules specifically associated with multiprotein complexes,
like the regulatory lid of the 26S proteasome, the COP-9
signalosome (CSN) and the translation initiation factor
elF3 [1,2]. The proteasome regulatory lid and the CSN
complexes are composed of the same number of subunits
(8) with an identical domain composition, suggesting a
common ancestor [3,4]. The gene duplication leading to
the two complexes preceded the divergence between uni-
cellular and multicellular organisms and gave rise to two
groups of co-orthologous genes [5]. In the case of elF3 the
subunit stoichiometry is not perfectly conserved. The pro-
teasome regulatory lid and elF3 are well identifiable from
yeast to human, whilst the CSN subunits are characterized
by a higher degree of divergence in their species distribu-
tion. Recently, although not showing a clear one to one

ortholog relationship with the higher eukaryotes' couter-
parts, the CSN complex has been identified also in S. cer-
evisiae [6,7].

Both the PCI/PINT and the MPN domains undergo rapid
changes in their aminoacid composition, likely reflecting
their adaptation to specific functions in the different com-
plexes [1,2,8]. In particular, the PCI/PINT domain, a mod-
ule of around 100 residues, has a predicted α-helical
secondary structure but the primary sequence is not well
conserved, in particular in the N-terminal part [1,2]. The
function of such a domain remains still unclear, although
there is evidence of its involvment in directing the incor-
poration of the subunits in both the proteasome and CSN
complexes [9-12].
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Multiple sequence alignment of representative proteins containing the PAM domainFigure 1
Multiple sequence alignment of representative proteins containing the PAM domain. Of the original set, only sequences with 
less than 80% identity to each other are shown. The borders of the domain have been assigned taking into account the results 
of the sequence alignments from PSI-BLAST [17] and the structural alignments from 3D-Jury [23]. Sequences are grouped by 
phylogenetic relationships, as explained in the legend to Fig. 2. For each sequence, the species, the domain starting and ending 
residues and the database accession number are reported. The consensus in 70% of the sequences is below the alignment; h, l, 
p and + indicate hydrophobic, aliphatic, polar, and positive residues, respectively. Hydrophobic residues are highlighted in blue, 
aliphatic residues in cyan, polar residues in green, positive residues in red and other conserved residues in yellow. The second-
ary structure predictions using PHD [24], PsiPred [25] and SAM-T99 [26] are reported. For PHD, the upper cases indicate ele-
ments predicted with expected average accuracy >82%, and lower cases those predicted with expected average accuracy 
<82%. The consensus among the three methods is indicated in red. The secondary structure elements of the Sec17 3D struc-
ture (1QQE) [27], taken as a representative of the TPR-like structural superfamily, are shown as red cylinders (α-helices: α5–
α13). Abbreviations: Ag; Anopheles gambiae; At: Arabidopsis thaliana; Ce, Caenorhabditis elegans; Cs, Ciona savignyi; Dm, Dro-
sophila melanogaster; Hs, Homo sapiens; Nc, Neurospora crassa; Nt: Nicotiana tabacum; Pf, Plasmodium falciparum; Py, Plasmodium 
yoelii; Sc, saccharomyces cerevisiae; Sp: Schizosaccharomices pombae; Tb, Trypanosoma brucei, Ec, Encephalitozoon cuniculi, H, helix.
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Results and Discussion
In the course of the characterization of the different sub-
groups inside the PCI/PINT domain family, we identified
a new region of sequence similarity associated with PCI/
PINT domains, which we called PAM (for PCI/PINT asso-
ciated module, Fig. 1). The starting point of our analysis
was S. cerevisiae Thp1 (Q08231), a protein involved in
transcription regulation and messenger RNA export [13-
16]. In the C-terminal part of this protein (roughly from

residue 300 to residue 430), a divergent PCI/PINT
domain can be detected (Table 1, see 1), whilst in the N-
terminal part no known modules are annotated. When
using the entire protein to search the non-redundant pro-
tein database (nrdb), the region preceding the PCI/PINT
domain showed significant similarity to uncharacterized
proteins. We then restricted our search only to the N-ter-
minal part of the sequence (residues 1 to 300). At the first
iteration of PSI-BLAST [17], the putative orthologs of

Phylogenetic tree and domain architecture of the protein families bearing the PAM domainFigure 2
Phylogenetic tree and domain architecture of the protein families bearing the PAM domain. The tree was built using the corre-
sponding PAM domain region of the CSN2, Rpn3, Thp1 proteins in representative species. Where uncharacterized, the pro-
teins are indicated with their database accession number. The nodes with a bootstrap support exceeding 90% are indicated 
with coloured lines, those with a bootstrap value below 90% are reported in black. The domain architecture was derived from 
the SMART database [28]. A divergent version of the PCI/PINT domain is indicated in yellow (Table 1, see 1). It should be 
noted that the N. crassa EAA35198 protein is a hypothetical protein derived from gene prediction. As it is the only protein 
with a PAM domain showing the thiolase domains, it could be that the gene prediction is wrong and the actual protein is bear-
ing only the PAM domain. Abbreviations: PINT: Proteasome, Int-6, Nip-1 and TRIP-15; PAM, PCI/PINT associated module; Thi-
olase: Thiolase, N-terminal domain; Thiolase_C: Thiolase, C-terminal domain.
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Thp1 in H. sapiens, D. melanogaster, A. gambiae and S.
pombe were retrieved (Q9NUK6, Q9VTL1, EAA12851 and
Q9Y820, respectively, with E-values from 10-05 to 10-03).
After detecting uncharacterized proteins from A. thaliana
(Q8GWE6, E = 10-15), N. crassa (EAA34699, E = 10-15 and
EAA35198, E = 10-08), S. pombe (YE18_SCHPO, E = 10-11)
and the CSN12 subunit of the yeast signalosome
(YJ54_YEAST, E = 10-09), the search converged. A HMM
profile derived from the non-redundant multiple align-
ment of the new region was used to refine the search in the
nrdb with HMMer [18]. This analysis added the orthologs
of the Rnp3 proteasome subunit and some uncharacter-
ized proteins to the initial sequence-set. The final non-
redundant multiple alignment of representative members
of all the families is shown in Fig. 1. Interestingly, none of
the elF3 subunits was detected.

The PAM domain is around 200 residue long, with a
recursive occurrence of hydrophobic patches followed by
conserved positive residues. This perioditicity in the
amino acid composition is typical for a structure rich in α-
helices. Indeed, several secondary structure prediction
methods indicate helical elements all along the domain
(Fig. 1). These results have been corroborated by the fold
predictions obtained using as queries different sequences
of the multiple alignment. In all cases the SCOP [19] TPR-
like superfamily has been indicated as the most likely fold
for the new domain (Table 2, see 1). This superfamily is
composed of all-helical structures, like TPRs (tetratr-
icopeptide repeats) and HLH (helix-loop-helix) domains.
The structural similarity to TPRs is also confirmed by the
PFAM database [20], which, in the case of the Rpn3 subu-
nits, predicts a single TPR covering a small region inside
their PAM domain. In this particular case, the PFAM pre-
diction has the value of a structural indication more than
the detection of a real TPR. The PAM domain is indeed
much larger than a TPR and it is not possible to identify
any clear repeat inside this region using different
resources, as REP [21] and ARIADNE [22]. Therefore the
PAM domain is a distinct α-helical module specifically
occurring in a subset of PCI/PINT domain containing pro-
teins. Notably, while the PCI/PINT domains show high
divergence, the PAM modules are highly conserved
among the sequences (Fig. 1) supporting the existence of
two independent domains.

Conclusions
Different structural domains composed of α-helical ele-
ments, including TPR, HEAT, armadillo and clathrin
heavy chain repeats, are characterized by a superhelical
arrangement of repeats, which eventually results in a
binding surface often mediating interactions with other
proteins. The structural indication of a TPR-like fold and
the presence of the PAM domain in some of the constitu-
ents of characterized multiprotein complexes suggest an

involvement of the domain in mediating protein-protein
interaction. Interestingly, unlike the PINT/PCI and the
MPN domains occurring in many subunits, the PAM
domain is detectable in only one of the subunits of both
the proteasome lid and the CSN complexes (Rpn3 and
CSN2, respectively, Fig. 2), but in no subunit of the elF3
complex. This indicates a more specific role for the PAM
domain in mediating transient interactions to proteins
others than the complex components. In particular in the
case of CSN2, several of such transient interactions have
been reported [5,12].

The S. cerevisiae Thp1 protein is a component of the Sac3-
Thp1 complex, which was primarily found to have a role
in transcription [13,15]. Recent data showed an involve-
ment of the Sac3-Thp1complex in mRNA export from the
nucleus to the cytoplasm and its interaction with other
multiprotein complexes of the same pathway [14,16].

In summary, the PAM domain is an α-helical module
present in single subunits of multimeric complexes. As
other domains in the same complexes (e.g. the PCI/PINT
domain) have been proposed to mediate the internal
interactions between the subunits, the PAM domain
might play a role in the transient binding to the different
external targets.
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