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Gene duplication...............................................................
Red queens, linkage, redundancy
and synfunctionalization
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T
he interplay between gene duplica-
tion, positive selection and shifting
gene functions takes many complex

turns. In PLoS Pathogens, Sawyer et al.
(2007) report on the intriguing story of
duplication in the TRIM genes. TRIM
proteins are multidomain proteins with
well-documented antiviral activity (see
Nisole et al., 2005 for a review). They
contain a zinc-finger RING domain
involved in protein–protein interaction,
one to two B-boxes of unknown func-
tion, a coiled-coil domain involved in
protein homo-oligomerization and a
C-terminal SPRY domain that has been
proposed to play a role in either
protein–protein or protein–RNA inter-
actions. The precise mechanism of viral
inhibition is unclear, although hypoth-
eses include perturbation of viral
uncoating, physical prevention of inter-
actions between viral and host proteins,
a role in viral sequestration within the
cell and the possibility of ubiquitin-
conjugating activity (Nisole et al., 2005).
Because of the antiviral activity and
duplication, these proteins have evi-
dently been subjected to an interesting
pattern of lineage-specific positive
selection.

Evidence has accumulated that genes
involved in the immune system have
evolved rapidly and under positive
selection. These data include one of the
first comparisons of the ratio of non-
synonymous to synonymous nucleotide
substitution rates (dN/dS) by Hughes
and Nei (1988, 1989), which suggested
that positive selection had acted on both
the MHC class I and II genes. Analysis
of sequences from the adaptive evolu-
tion database has shown that this
evolution was sometimes lineage-speci-
fic. A systematic calculation of dN/dS
ratios across chordate gene families
revealed that immune system genes
were among those most commonly
found to be under positive selection
(Liberles et al., 2001). These observations
are consistent with the view of patho-
gen–host coevolution driving an arms
race for survival that results in particu-
larly fast evolution and positive selec-

tion in response to adaptations in the
adversary. As neither gains the upper
hand, pathogen-host evolution can be
described by the ‘Red Queen hypoth-
esis’: just like Lewis Carol’s heroine,
Alice, in Through the Looking-Glass; they
are running (i.e., evolving) as fast as
they can, just to stay in the same place.
The TRIM genes show evolutionary
patterns that could have resulted from
such repeated positive selection, and
which are lineage-specific, presumably
because they have responded to provide
defense against specific evolving viral
pathogens.

Comparisons between two genes,
TRIM22 and TRIM5 are particularly
interesting. This pair appears to have
been produced by an ancient gene
duplication in the common ancestor of
eutherian mammals, but show comple-
mentary, anticorrelated patterns of po-
sitive selection in hominoids and Old
World monkeys. This pattern sheds
light on explanations for the retention
of duplicate genes. While geneticists
point out the lack of phenotype for
many gene knockouts (Cooke et al.,
1997) as evidence of the redundancy of
duplicate genes, evolutionary theory
points in exactly the opposite direction.
If the redundancy were being main-
tained by selection, then population
genetic models suggest that the muta-
tion rate would have to be high (so that,
there was a sufficient probability of a
future knockout of one copy) and
effective population size would have
to be large (to make selection effective
compared to drift; see Elena et al., 2007).
One study suggested that the product of
the mutation rate and the effective
population size would have to be 430
for this to be an effective mechanism,
several orders of magnitude higher than
in the values that have been estimated
for mammals (Forster et al., 2006). In the
absence of such selection, duplicated
genes are expected to (and generally
observed to) diverge rapidly (Lynch and
Conery, 2003; Hughes and Liberles,
2007). So, given the period since euther-
ian mammalian radiation as time for the

duplicates to diverge, is the comple-
mentary behavior of selection on the
TRIM22 and TRIM5 genes due to
residual redundancy?

The authors speculate on several
mechanisms for the complementarity.
One possibility is that the two proteins
have evolved different specificities and
the complementarity reflects the action
of different viruses on different lineages.
The authors rightly downplay this
hypothesis, regarding it as too simplistic,
where nonoverlapping specificities cor-
respond to nonoverlapping viral threat.
Instead they propose an alternative
based on linkage of the two genes
coupled to Hill–Robertson effects of their
mutations. Under this hypothesis, selec-
tion on the mutation with the strongest
adaptive effect will cause not only its
fixation, but also the fixation of other
variants that had the good fortune to be
linked to it, most often because they
were present on the haplotype where
this advantageous mutation first oc-
curred. These effects on linked sites
will extend to the adjacent TRIM gene,
and weakens the ability to respond to
selection.

An alternative hypothesis draws on
the idea of synfunctionalization (see
Figure 1; Gitelman, 2007). A canonical
example, involves the duplicate TWIST
genes that appear to have diverged in
function, and subsequently undergone
loss of subfunctionalization coupled to
gene loss at the regulatory level. A
similar evolutionary trajectory has
been described in deoxyribonucleoside
kinases for changes in protein function
(Almgren, 2001; Piskur et al., 2004). The
substrate specificity of deoxyribonu-
cleoside kinases appears to have under-
gone subfunctionalization to generate
more specific enzymes. However, in the
insect lineage, gene copies were lost,
coupled with the regeneration of a
nonspecific enzyme.

However, if redundancy is lost so
quickly for duplicate copies, how can an
ancestral function be regained? Some
interesting studies of the mutational
paths available to proteins evolving
new functions, and simulations of pro-
tein evolution constrained by protein
folding, indicate that the mutational
opportunities available to a protein are
much more limited than naı̈ve combi-
natorics would suggest (Bastolla et al.,
2003; Rastogi et al., 2006; Weinreich et al.,
2006). In the case of the TRIM dupli-
cates, selection is observed in similar
locations within the three dimensional
structure (within the coiled-coil do-
main), supporting such an interpreta-
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tion. If there is residual redundancy
coupled to some divergence of function
(either at the coding sequence level or as
illustrated through nonidentical gene
expression patterns), then selection
may affect one of the two proteins
rather than both. Linkage effects
(see above) would further promote
synfunctionalization. These possibilities
are intriguing and may be the tip of
the iceberg comprising links between
duplication, divergence, redundancy
and the effects of protein structure
and function as well as linkage on
accessible mutational paths. Whatever
the explanation of the anticorrelated
positive selection on these TRIM dupli-
cates, the continued characterization of
duplicate gene evolution is needed to
build on the understanding of gene and
proteome evolution that is founded on
the seminal Ohno (1970) analysis of gene
duplication.
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Figure 1 This figure shows the process of synfunctionalization. Here, an ancestral
duplication event leads to subfunctionalization. Following a subsequent speciation event,
one species retains the subfunctionalized duplicates; the other species loses one copy,
whereas the other regains the ancestral function. A less dramatic version of this process can
occur at the functional level without gene loss.
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