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Computational characterization of multiple Gag-like
human proteins
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In a genome-wide analysis, we have identified 85 human
genes encoding 103 protein isoforms that resemble ret-
roviral Gag proteins. These genes were domesticated
from retrotransposons in at least five independent
events during vertebrate evolution and were subse-
quently duplicated further in mammals. Structural
insights into the mammalian proteins can be inferred
by homology to Gag from viruses such as HIV; in turn,
the cellular roles of the mammalian Gag homologs, such
as apoptosis-related functions and binding to ubiquitin
ligases, might hint at further functionality of viral Gag
itself.
Introduction
Gag proteins are fast-evolving structural components of
retroviruses and long terminal repeat (LTR) retrotranspo-
sons and are essential for particle formation in the viral
budding process [1]. Despite the apparent importance of
Gag proteins, little is known about their cellular function.
Molecular functions have been assigned to three regions in
the Gag sequence: (i) an N-terminal matrix domain
involved in membrane binding of Gag and virion assembly;
(ii) a central capsid domain that forms the core shell of
virus particles, is necessary for formation of the capsid, and
consists of two helical (N- and C-terminal capsid) subdo-
mains; and (iii) a zinc-finger-containing nucleocapsid
domain required for viral genome packaging and early
infection process [1].

Recently, several independent studies have identified
similarity between different human proteins and Gag
domains of the Gypsy/Ty3 group of mobile elements
[2,3]; in addition, a few of the human proteins have been
proposed to be domesticated from the subgroup of Sushi
LTR retrotransposons (see Ref. [4] and references therein).
This group of mobile elements is phylogenetically related
to retroviruses such as HIV that have the same organiza-
tion of Gag, Pol and optional Env proteins [5].

To obtain a more global overview of Gag-like proteins in
humans, we have performed a systematic and genome-
wide analysis of globular Gag domains in mammals;
genes related to mobile elements are often suppressed
in automated genome annotations [6] and human cellular
gag-like genes might hint at many functional aspects of
viral Gags.

Mammalian genomes encode at least 103
domesticated Gag proteins
Genome searches with dedicated sequence profiles for
capsid Gag domains (PSI-BLAST searches with a stringent
cut-off e-value <10�10; see Supplementary Material,
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Figure 1. Domain architecture of human Gag-like proteins and their relationship to LTR retroelements. (a) Phylogenetic relationship of LTR retrotransposons of the Gypsy

group based on reverse transcriptase sequences from which the Gag-like proteins probably originated. Bootstrap support (%) of the neighbor-joining tree for branches is

shown. The most similar retrotransposons of each family of human Gag-like proteins (indicated by numbered diamonds) are marked in bold italics and connected to the

families by a broken line. (b) The respective domain architectures of the domesticated human Gag-like proteins are compared with a simplified retrovirus domain

architecture (top). Only representative sequences from the SCAN family (III) are shown. The proteins whose Gag homology was previously unknown are indicated in bold;

the proteins predicted here are indicated by an asterisk. Mar8b has been reported [23] as a Gag-related protein but is not present in the current protein databases. Four

previously unknown Gag homologs of the paraneoplastic family (IV) that retain only the matrix domain are not shown. Two are predicted here for the first time.

Abbreviations: CA, capsid; DU, dUTPase; Env, envelope; Int, integrase; MA, matrix; NC, nucleocapsid; Pol, polyprotein; Prot, aspartic protease; RT, reverse transcriptase;

SU, surface; TM, transmembrane.
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sections 1 and 2, for details) identified 85 human gag-like
genes (see Supplementary Material, Figure S2.3), which
can be classified into five distinct families, termed I–V, on
the basis of their sequence similarity to Gag proteins from
different retrotransposon families (Figure 1).

We detected the retrovirus-related protease SASPase
(family I) [7], for which similarity to and acquisition from
Gag has not been reported before. We also identified three
large gene families known to be associated with Gag: the
retroviral-capsid-related Sushi family [4] (family II; 11
members described, 1 additional member identified here);
the SCAN family of transcription factors [8] (family III; 56
genes annotated in the Ensembl database; structural simi-
larity of the SCAN domain to parts of the Gag capsid
domain has previously been noted [9]), and 15 human
members of the recently reported Gag-related Paraneo-
plastic family (family IV; only six members have been
www.sciencedirect.com
previously reported [6,10]), 3 of which have been impli-
cated in neuronal paraneoplastic diseases [11] and 1 of
which, Map-1, is involved in apoptosis [12]. Finally, we
found that activity-regulated cytoskeleton-associated pro-
tein (Arc) [13], currently the only member of family V, is
related to Gag (see Figure 1 for an overview of all proteins
in the five families and their domain architectures).

Taken together, we have identified the three known
Gag-like families and two new ones (families I and V),
we have predicted five novel genes, and we have shown
that 12 known human proteins have homology to Gag.
Although only a few of the 103 Gag-like human proteins
have been characterized experimentally, the presence of
orthologs of almost all of them inmouse and rat (exceptions
are genes that emerged by duplication after divergence
from rodents), coupled with expressed sequence tag
support for most of them (see Supplementary Material,
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Figure S2.3), confirms that Gag-like proteins have a large
functional repertoire in mammals.

Origin of Gag-like proteins in mammals
Phylogenetic analysis of Gag genes in vertebrate genomes
(including those from retrotransposons) suggests that at
least five independent Gag domestication events happened
before the split of Eutherians (see SupplementaryMaterial,
section 5); three of the respective genes then duplicated,
giving rise to the large families II–IV (Figure 1a and
Supplementary Material, section 5), which seem to have
expanded further through recent duplications. The exact
timing of the domestication events is difficult to determine
owing to limited data; at least, the Arc protein seems to
have been acquired before the divergence of amphibians
because the arc gene in Xenopus tropicalis is in synteny
with its mammalian orthologs (data not shown).

So far, no active retrotransposons corresponding to
those from which the five families of domesticated Gag
proteins originated have been reported in the mammalian
genomes containing the domesticated proteins, and our
domain searches did not reveal their presence. For example,
although the human Gag-like SASPase protein has an
ortholog inrat, the respectiveSushi-relatedretrotransposon
family cannot be detected in either the rat or the human
genome. This observation suggests that the Gag-like pro-
teins might have caused the ‘death’ of their parental retro-
transposons and might also protect the genome against
infection by related viruses and retrotransposons [2]. In
agreement with this hypothesis, Fv1, a Gag-like protein
Figure 2. Functional classification of the interaction partners of mammalian Gag-like pro

is unlikely to be complete, there is a statistically significant enrichment of specific funct

retroviral Gag proteins. For domain symbols see Figure 1. Diamonds represent the diff
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in mouse that is similar to a murine endogenous retrovirus,
prevents infection by Friend leukemia virus [14,15].

Transfer of structural information to mammalian
Gag-like proteins
The similarity of the Gag-like human genes to each other
and to retroviruses with known 3D structures such as HIV
(see Supplementary Material, Figure S3) enables us to
transfer structural information to all 85 Gag-like human
proteins, including those involved in neuronal paraneo-
plastic diseases (only the SCAN domain structure has been
determined [9] and might have been transferred to closely
related family III members). Most of the human proteins
identified contain several Gag-like domains and, in fact,
their domain architectures often resemble those of viral
Gags for which 3D structures are available.

During the analysis, we noted some surprising sequence
similarity between the N- and C-terminal capsid subdo-
mains. A comparison of the 3D structures confirmed the
homology between these two subdomains [P(m) = 1.11 �
10�3 (probability that sequence identity found after struc-
ture-based alignment occurred by chance); see Supplemen-
tary Material, section 4], indicating that they might have
molecular functions in the mammalian Gag-like proteins
similar to their functions in retroviruses.

Functional similarities among Mammalian Gag-like
proteins
Although little functional information is known for most of
the individual human Gag-like proteins, their common
teins. The interaction partners are organized by biological activity. Although the list

ional categories (see Supplementary Material, section 6) that might be relevant for

erent Gag-like families.
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origin, as identified here, should provide a unified basis for
the study of viral function.

The well-characterized human Gag-like proteins (Arc,
Map-1, Peg-10 and Peg3) regulate apoptosis, interact with
the cytoskeleton, or are involved in transcription regula-
tion [13,16–18]; in other words, they have roles that are
compatible with those ascribed to viral Gag proteins. Inter-
action partners have been identified for several human
Gag-like proteins (Table 6.2) and the functions of these
partners also reflect the roles of Gags; for example, pro-
tein–protein interactions between human Gag-like pro-
teins and E3 ubiquitin ligases, nuclear receptors and
transmembrane receptors seem to be a common theme
(see Figure 2 for an overview and SupplementaryMaterial,
section 6, for the statistically significant enrichment of
certain functions in human Gag-like proteins and their
interaction partners). In this regard, the protein respon-
sible for protecting rhesus macaque against HIV-1 infec-
tion, TRIM5a, interacts specifically with the Gag capsid
domain and has been proposed to have ubiquitin ligase
activity [19].

The functions known for human Gag-like proteins are
compatible with those inferred from the analysis of their
interacting partners, and both together suggest that retro-
viral Gag proteins interfere with (anti)apoptotic cellular
signaling in the same way as human Gag-like proteins
such as Map-1, which triggers apoptosis by interacting
with cytoplasmic receptor regions and apoptotic mitochon-
drial proteins [16]. Similar interactions could also be
responsible for the membrane reshaping in which viral
Gag has been implicated during the budding process of
the retrovirus [1]. This process resembles the synaptic
remodeling process in neurons, in which the human
Gag-like Arc protein is thought to participate and which
requires membrane and cytoskeleton reorganization
[13].

A comparison of the domain architectures of Gag-like
proteins involved in similar biological processes (inferred
from an analysis of interactions partners; Figure 2) sug-
gests that thematrix domain confers a cytoskeletal binding
property, in agreement with actin binding of viral Gags
(reviewed in Ref. [20]). The C-terminal capsid subdomain
seems to be involved in the interaction with receptors and
ubiquitin ligases, although the involvement of the faster-
evolving, homologous N-terminal capsid subdomain
cannot be discarded.

Concluding remarks
Taken together, the unified identification and character-
ization of the domain architecture of 85 human Gag-like
proteins not only enables their structural annotation but
also facilitates the transfer of functional information from
viral Gag proteins to the human proteins and vice versa.
The domestication, and likely integration into apoptosis
regulation, of many of the human Gag-like proteins illus-
trates how flexible mammalian genomes are in the evolu-
tion of gene function. The continuous expansions of these
gene families indicate the fast diversification among mam-
mals of the processes in which they are involved.

Our in-depth study, targeted at a single protein (Gag)
from a subgroup of mobile elements, suggests that many
www.sciencedirect.com
more mammalian genes might have originated from
mobile elements than is currently thought [21]. Only
around 40 domesticated genes had been previously identi-
fied in the human genome by large-scale studies aimed at
all proteins encoded by mobile elements [6,22]; it is now
likely that several hundreds exist.
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We present a statistical analysis of chromosomal
clustering among nuclear genes encoding mitochondrial
or chloroplast proteins in Arabidopsis. For both orga-
nelles, the clustering was significantly increased above
the expectation, but the clustering effect was weak, and
most clusters were small and dispersed. Clustered genes
showed coexpression but not more than expected, and
no substantial synteny was detected in other eukaryotic
genomes. We propose that the unexpected clustering
results from continuous selection favoring chromoso-
mal proximity of genes acting in the same organelle.
Introduction
Mitochondria and chloroplasts both originated from
endosymbiotic events. During the course of evolutionary
history, most of the essential genes required for mitochon-
drial and chloroplast function were transferred to the
nuclear genome [1]. The organelle protein sets encoded
in the nucleus today are not simply the genes originally
transferred from the ancient endosymbiont but have a
much more complicated genetic history. Evidence for
proteins derived from the original endosymbiont, from
the host genome, and even originating from other
endosymbionts is found in both mitochondrial and chlor-
oplast protein sets [2,3,4]. Due to the discrete metabolic
roles of the two plant energy organelles, their origins,
the mechanisms of gene transfer and the need for coordi-
nation of nuclear and organelle function in plants, it is
possible that chromosomal organization of nuclear genes
according to function could be an important aspect
of regulation. Genes with various kinds of functional
relationships are known to be in clusters on the chromo-
somes of a number of organisms [5–10]. Combining the
experimental organelle sets [11–13] with clustering of
their location and their expression in Arabidopsis, we
have attempted to determine if any of the complex factors
noted above link physical location with function or origin
in this model plant.
Results
Chromosomal clustering of genes encoding targeted

organelle proteins

Clusters of neighboring genes were built by finding
stretches of organelle genes closer than 10 kb to another
organelle gene along the five chromosomes of Arabidopsis.
To resolve the problem of tandemly duplicated genes,
clustered homologs (those with a unidirectional BLAST
similarity score >100 bits) were counted as one gene. To
calculate the statistical significance of the number of clus-
tered genes in the experimental sets of 473 mitochondrial
and 664 chloroplast genes, we picked the same number of
genes randomly from the genome 5000 times to generate a
probability distribution (Figure 1 and Table 1). The
P-values for the observed clustered genes in the mitochon-
drial and chloroplast sets were 0.0034 and 0.0004, which
are greatly significant.

No large clusters were found using a 10-kbp cutoff. Most
chloroplast and mitochondrial clusters contained two
genes. Five clusters had three organelle genes, and one
contained four genes. Variable numbers of other genes
were found in these clusters – the largest total cluster size
was observed with three mitochondrial genes and six other
genes. The importance of the cutoff distance was assessed
by using a number of cutoffs between 5 and 80 kbp, as
summarized in Figure 2. Approximately 50% of all Arabi-
dopsis genes have a neighbor within 80 kbp, hence it was
not meaningful to investigate higher cutoffs. For the chlor-
oplast genes, the observed clustering was significant
(P < 0.05) at all cutoffs except 80 kbp, whereas the mito-
chondrial genes are generally less significantly clustered,
particularly at the 5-kbp cutoff.

The clustering analysis was also made with a gene-
based distance cutoff, that is, counting the number of
intermediate genes rather than the number of base pairs.
The cutoffs 0, 1, 2, 4 and 9 in-between genes were used. In
this case, we found the clustering tendency much weaker,
and, again, less significant in the mitochondrial set (only
one P-value was <0.05). The optimum was seen at two
genes in between for both groups. This indicates that
the genes clustered by absolute distance tend to reside
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