J Mol Evol (2004) 59:72-79
DOI: 10.1007/s00239-004-2605-z

o MOLECULAR
o EVOLUTION

© Springer-Verlag New York, LLC 2004

Clustering of Genes Coding for DNA Binding Proteins in a Region
of Atypical Evolution of the Human Genome

Jose Castresana,' Roderic Guigé,"> M. Mar Alba?

! Centre de Regulacié6 Genomica (CRG), Programme of Bioinformatics and Genomics, Passeig Maritim 37-49, 08003 Barcelona, Spain
2 Grup de Recerca en Informatica Biomeédica, Departament de Ciéncies Experimentals i de la Salut, Universitat Pompeu Fabra,

Passeig Maritim 37-49, 08003 Barcelona, Spain

Received: 14 August 2003 / Accepted: 3 February 2004

Abstract. Comparison of the human and mouse
genomes has revealed that significant variations in
evolutionary rates exist among genomic regions and
that a large part of this variation is interchromo-
somal. We confirm in this work, using a large col-
lection of introns, that human chromosome 19 is the
one that shows the highest divergence with respect to
mouse. To search for other differences among chro-
mosomes, we examine the distribution of gene func-
tions in human and mouse chromosomes using the
Gene Ontology definitions. We found by corre-
spondence analysis that among the strongest clus-
terings of gene functions in human chromosomes is a
group of genes coding for DNA binding proteins in
chromosome 19. Interestingly, chromosome 19 also
has a very high GC content, a feature that has been
proposed to promote an opening of the chromatin,
thereby facilitating binding of proteins to the DNA
helix. In the mouse genome, however, a similar ag-
gregation of genes coding for DNA binding proteins
and high GC content cannot be found. This suggests
that the distribution of genes coding for DNA bind-
ing proteins and the variations of the chromatin ac-
cessibility to these proteins are different in the human
and mouse genomes. It is likely that the overall high
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synonymous and intron rates in chromosome 19 are a
by-product of the high GC content of this chromo-
some.
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Introduction

Comparison of mammalian genes has shown that the
synonymous rate at which genes evolve is different for
different genes (Casane et al. 1997; Matassi et al.
1999; Wolfe et al. 1989). The analysis of large num-
bers of mouse and human orthologous genes con-
firmed that this variation occurs at the genomic level,
that is, some genomic regions show neutral evolu-
tionary rates higher than others (Castresana 2002b;
Hardison et al. 2003; Lercher et al. 2001; Waterston
et al. 2002). Similarly, a pattern of regional variation
of synonymous rates was confirmed in the analysis of
a set of human and chimpanzee genomic regions
(Ebersberger et al. 2002). A major part of this vari-
ation is interchromosomal (Castresana 2002b; Ler-
cher et al. 2001), and, in particular, the use of
maximum likelihood distances shows that genes sit-
uated in chromosome 19 have synonymous diver-
gences that are significantly faster than those of genes



in any other chromosome (Castresana 2002b;
Waterston et al. 2002).

The large-scale differences in evolutionary rates
could have a neutral explanation, such as differences
in recombination rates (Hurst and Eyre-Walker 2000;
Li et al. 2002), but could also reflect important func-
tional differences in the organization of the human
and mouse genomes. In order to try to explain this
phenomenon we have analyzed the distribution of
gene functions in human and mouse chromosomes.
Several clusters of genes have been detected previ-
ously in the human and mouse genomes but most of
them are due to recent multiple tandem duplications
and are located in very specific regions of the genome
(Lander et al. 2001; Venter et al. 2001; Waterston et al.
2002). In addition, clustering of housekeeping genes
(expressed in most tissues) has also been detected in
the human genome (Lercher et al. 2002). However, no
systematic attempt to detect the most significant
clusters of genes with related molecular functions has
been performed so far in the mammalian genomes.
In this work, we used the Gene Ontology (GO)
molecular functions (The Gene Ontology Consortium
2001) to analyze the distribution of gene functions in
human and mouse chromosomes. We found that the
most important clusters at the chromosome level in
the human genome are a cluster of olfactory receptor
genes in chromosome 11 and, most interestingly, a
cluster of genes coding for DNA binding proteins in
chromosome 19. However, no strong clustering of
DNA binding protein coding genes is present in the
mouse genome. It is known that, among human
chromosomes, chromosome 19 is the one with the
highest GC content, whereas the syntenic regions of
the mouse genome have a more moderate GC content
(Castresana 2002b; Saccone et al. 2002). The cluster-
ing of genes coding for DNA binding proteins and
extremely high GC content seem to indicate the ex-
istence of a possible function at the level of gene ex-
pression and regulation in this human chromosome
that is not present in the mouse genome.

Methods

Intron Sequences. Human and mouse Reference Sequences
(Pruitt and Maglott 2001) were mapped into the human and mouse
genome sequences, versions NCBI 28 and MGSC3, respectively.
The mapping was obtained from the University of California Santa
Cruz (UCSC) Genome Browser database (Karolchik et al. 2003).
The human and mouse orthologous genes were obtained from
NCBI's Homologene database, which listed 3308 orthologous pairs
from the RefSeq sequences. Pairs were discarded when the human
and/or mouse RefSeq gene had multiple alternative mRNA se-
quences or when the human and mouse orthologous genes had a
different number of exons. After excluding intronless genes, 1165
orthologous gene pairs with a clear one-to-one correspondence of
introns remained. Repeats were eliminated from the introns with
RepeatMasker (A.F. Smit and P. Green; http://repeatmasker.ge-
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nome.washington.edu). Only intron pairs where both sequences
had more than 150 positions and fewer than 18,000 positions were
used in order to avoid alignments with poor information or ex-
cessively difficult. This left 7180 intron pairs with known chromo-
some position. Alignments were done with ClustalW (Thompson et
al. 1994), which uses a dynamic programming algorithm for
aligning pairs of sequences (Needleman and Wunsch 1970), and
Gblocks 0.91 with default options was applied to extract the con-
served parts of the intron alignments (Castresana 2000; Castresana
2002a). The distance in substitutions per site in each concatenated
intron alignment was estimated by maximum likelihood with
PAUP (Swofford 1998) using the HKY model of evolution
(Hasegawa et al. 1985). This model takes differences in transition/
transversion ratio and nucleotide composition (i.e., GC content)
into account.

Retrieval of Gene Function Information and Sta-

tistical Analysis. Mouse and human gene descriptions,
chromosome positions, InterPro domains (Mulder et al. 2003), and
the gene ontology classification of the molecular functions assigned
to the human genes (The Gene Ontology Consortium 2001) were
retrieved from version 18 of the ENSEMBL database through the
EnsMart facility (Clamp et al. 2003). Genes in unassigned chro-
mosomes or in the Y chromosome, where there are too few genes,
were not considered. For correspondence analysis (Greenacre 1984)
we used human genes with an assigned GO function. Since mouse
genes do not have a GO definition in the ENSEMBL database we
transferred the GO definition of the human sequences to their
mouse homologues as defined in ENSEMBL. These homologous
sequences are defined, briefly, as pairs of reciprocal BLAST hits as
well as pairs that have high similarity and conserved gene order
(Clamp et al. 2003). According to this, most homologous pairs are
likely to be orthologous. In addition, coming from closely related
species it is very likely that all these pairs have the same GO
function, which is in general very broadly defined. Some GO
functions are very poorly represented to analyze their distribution
in different chromosomes, so that only GO terms assigned to more
than 300 genes were used. Correspondence analysis was performed
with the JMP package (SAS Institute, Cary, NC).

Phylogenetic  Analysis  of  Zinc-Finger  Pro-
teins. Amino acid sequences of all KRAB-ZFPs (KRAB-as-
sociated zinc-finger proteins) of the human and mouse genomes
were retrieved from ENSEMBL. Since these sequences are quite
divergent and very variable in length (Looman et al. 2002), only
sequences between 400 and 800 amino acids were analyzed. After
initial alignments and neighbor-joining trees performed with Clu-
stalW (Thompson et al. 1994), the most divergent sequences (most
probably not belonging to this family) were also eliminated. The
final set of 182 human and 110 mouse sequences was realigned, and
the non-phylogenetically informative positions were removed with
Gblocks (Castresana 2000) using low-stringency conditions (Min-
imum Length Of A Block = 5 and allowing positions with gaps in
half the number of sequences). The high divergence in these
alignments made the use of these low-stringency conditions nec-
essary in order to get enough number of positions. The final
alignment contained 105 positions. Distance trees were constructed
using PROTDIST with the JTT model (Jones et al. 1992) and
NEIGHBOR of the PHYLIP package (Felsenstein 1993). In order
to estimate the average divergence between orthologous human
and mouse genes, a set of 12270 1:1 orthologous genes was re-
trieved from ENSEMBL (all genes with more than one orthologue
in the other species were eliminated) and translated to amino acids.
These pairs were aligned with ClustalW and filtered with Gblocks
using the same conditions applied to the KRAB-ZFP genes. Ge-
netic distances between human and mouse genes were equally
calculated with PROTDIST using the JTT model.
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Results

Interchromosomal Mutational Rate Variations Ana-
lyzed with Intron Sequences. It has been shown that
genes situated in human chromosome 19 and their
mouse orthologues have a very high synonymous
divergence (Castresana 2002b; Hardison et al. 2003;
Lercher et al. 2001; Waterston et al. 2002). However,
analysis of the ancestral repeats of the mouse genome
did not show the same pattern of divergence (see Fig.
29 in ref. Waterston et al. 2002), probably due to the
difficulty in defining orthologous ancestral elements.
To try to clarify this issue, we have analyzed here the
levels of divergence using another genomic element,
introns, in different chromosomes. In a previous
study using a small set of intron sequences, we
showed that intron genetic distances are correlated
with synonymous distances measured from exons
(Castresana 2002a). We confirm now, using a set of
7180 human and mouse orthologous introns derived
from 1165 curated genes, that intron sequences also
show the highest average genetic distance in chro-
mosome 19 (Fig. 1). Specifically, the average intron
distance is 0.771 substitution/position in chromo-
some 19 and 0.657 substitution/position in the rest of
the genome. Very similar values were obtained when
using the Tamura—Nei model of evolution instead of
the HKY model in the maximum-likelihood estima-
tion (not shown). Thus both introns and exons sup-
port the high divergence in human chromosome 19
(Castresana 2002b). However, unlike exons, the level
of divergence in introns in chromosome 19 is not
significantly different from chromosomes 16, 21, and
22, probably due to the more difficult alignments of
introns (Castresana 2002a), which may saturate the
highest distances.

Spatial Aggregation of Genes with Similar Molec-
ular Functions in Human and Mouse Chromo-
somes.  We retrieved from the ENSEMBL database
(Clamp et al. 2003) all human genes with an assigned
Gene Ontology (GO) molecular function and known
chromosome position. In total, we used 6942 genes in
which 9372 GO functions of wide distribution (present
in > 300 genes) had been mapped. Although different
clusters may be detected in smaller genomic windows,
we were interested in identifying clusters at the level of
whole chromosomes in order to analyze any possible
correlation with the interchromosomal differences
found in evolutionary rates. Thus we calculated the
number of GO functions per chromosome. Corre-
spondence analysis (Greenacre 1984) of this contin-
gency table allowed us to visualize the GO terms with
the most biased distributions among chromosomes. A
biased GO function and the chromosomes where this
function is most overrepresented appear close in the
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Fig. 1. Genetic distances in substitutions position measured in

7180 mouse and human intron alignments averaged in individual
human chromosomes. The average and the standard deviation are
shown. A line connects the mean values of each chromosome. The
straight horizontal line represents the mean of all chromosomes.

plane delineated by the two principal axes (Greenacre
1984). Figure 2A shows that the GO function that
produces the strongest chromosomal clustering is the
“olfactory receptor activity.” Of 405 genes coding for
olfactory receptors which are annotated by GO, 190
are located in human chromosome 11. This cluster is
due in part to recent multiple gene duplications
(Glusman et al. 2001). Most interestingly, the second
largest clustering in the human genome is due to the
high proportion of genes coding for “nucleic acid
binding activity”’ proteins in chromosome 19. One
hundred seven of 479 genes with such GO function are
present in chromosome 19. This cluster contains a
large number of genes coding for proteins with zinc
fingers, many of which belong to a family of tran-
scription factors known as KRAB-ZFP (KRAB-as-
sociated zinc-finger proteins) (Dehal et al. 2001;
Eichler et al. 1998; Shannon et al. 2003). Notably,
although the mouse genome also contains a strong
cluster of olfactory receptors (distributed in at least
chromosomes 2, 7, and 9) as well as other different
clusters, no cluster of ““nucleic acid binding activity” is
recognized by correspondence analysis (Fig. 2B).
“Nucleic acid binding activity” is a very generic
function within the GO hierarchy, but as mentioned
above, a large number of genes with this GO function
in chromosome 19 contain zinc-finger domains (ac-
cording to the InterPro descriptions), and therefore
they code mostly for DNA binding proteins. In ad-
dition, two other GO functions that come under the
heading ‘“‘nucleic acid binding activity” in the GO
molecular function hierarchy are more abundant than
the average in chromosome 19, even if not so highly
biased as to be detected by correspondence analysis.
These are “DNA binding activity’’ and “transcription
factor activity.” On the other hand, “RNA binding
activity” is underrepresented. Therefore the analysis
of GO functions indicate that proteins that bind to
DNA are located in high quantities in chromosome
19. To better appreciate the density of DNA binding
proteins in different chromosomes, we have plotted
the density of all genes with GO ‘“‘nucleic acid binding
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activity,” DNA binding activity,” or ‘“‘transcription
factor activity” along their chromosome positions
(Fig. 3). Fig. 3A shows that the density of this type of
proteins is very high all along human chromosome 19
with the exception of the centromeric region, mostly
unsequenced. In fact, the density of genes in chro-
mosome 19 is approximately double than in the rest of
chromosomes (Lander et al. 2001, Venter et al. 2001)
but the density of genes coding for DNA binding
proteins in this chromosome (with 262 genes out of
2104 in all chromosomes) is seven times the density in
the rest of the genome. A binomial test corroborates
that these proteins are more abundant than expected
in chromosome 19. In addition, this test is also sig-
nificant for the group of the three GO terms in chro-
mosome 6, where there is a spatial cluster of 48
histones in a short region between 26 and 28 Mb. In
the mouse genome there is no such large cluster of
genes coding for DNA binding proteins (Fig. 3B).
Only chromosome 13, which contains the same cluster
of histones, has a significantly higher than expected
proportion of DNA binding proteins. Chromosome 7
contains the largest syntenic region of human chro-
mosome 19 (Dehal et al. 2001; Waterston et al. 2002),
but the proportion of these proteins is not significantly
higher than expected.

Phylogenomic Analysis of KRAB-Associated Zinc
Finger Proteins.  The family of KRAB-ZFP tran-
scription factors constitutes an important fraction of
this cluster in chromosome 19 (128 annotated
KRAB-ZFPs of 262 DNA binding proteins). These
genes are known to have suffered extensive gene du-
plications and losses in both the human and the
mouse lineages (Dehal et al. 2001; Shannon et al.
2003). However, it is important to determine whether
the majority of KRAB-ZFP genes have duplicated
recently or whether this cluster predates the human-
mouse split. We performed a phylogenomic analysis
of 182 human and 110 mouse KRAB-ZFP sequences.
In this large tree, KRAB-ZFP genes situated in hu-
man chromosome 19 (105 in total, after eliminating

highly divergent genes, probably belonging to a dif-
ferent family; see Methods) tend to cluster in a few
groups. Figure 4 represents nine clades of this large
tree, six of them (A—F) containing most of the
KRAB-ZFP genes of chromosome 19. Most proba-
bly, these genes have been present together in the
same region of the genome since the occurrence of the
multiple duplications that generated them, which
may suggest that they are the product of recent gene
duplications exclusive of the human lineage. How-
ever, the analysis of the branches separating KRAB-
ZFP genes seems to give a different answer. The
average divergence of two orthologous human and
mouse genes (estimated from 12,270 1:1 orthologues
with the same methods used for the analysis of
KRAB-ZFP genes) is 0.205 substitution/position.
This means that the average per lineage is 0.102
substitution/position. Comparing this distance with
divergences of genes in chromosome 19 (see subtrees
in Fig. 4 but there are still deeper branchings in the
whole tree that joins these clades), it becomes clear
that many of the duplications of these KRAB-ZFP
genes occurred before the typical human—-mouse or-
thologous separation.

To avoid the possibility that the rates estimated
from all proteins are different from typical KRAB-
ZFP genes, we have also attempted to do an internal
calibration of the KRAB-ZFP tree. We have ob-
tained from this tree all terminal pairs that include a
human and a mouse sequence. There are in total 34
pairs (15 of them can be appreciated in Fig. 4). Many
of these pairs—most likely those showing the shortest
distances—probably represent real orthologues,
whereas some other pairs may be paralogues if al-
ternate orthologues are not in the tree. The average
distance between the terminal pairs is 0.252 substi-
tution/position (0.126 substitution/position/lineage).
However, a better approximation to the typical di-
vergence of orthologous KRAB-ZFP sequences is
given by the modal class of the distribution of dis-
tances, which is situated between 0.15 and 0.2 sub-
stitution/position (the distribution is right-skewed



76

A

5 FORNNTRUN | ENUR | I | N

0 50 1001502002500 50 100 1502002500 50 100 150 2000 50 100 150 2000 50 100150

1 ;PO Y U DY /P P

0 50 1001500 50 100 0 50100 O 50 100 0 50 100 0O 50100 O 50 100 O 50 100
chr06 % chr07 chr08 chr09 chri0 chrit chri2 chri3

PO WS E DG T E NS M

0 50 100 0 50100 O 50 0 50 0 50 0 50 0 50 0 50 0 50 0 50 100
chri4 chris chrié chri? chrig chri9%  chr20 chr21 chr22 chrX

0 50 100150200 0 50 100 150 0 50 100150 0 50 100150 0 50 100150 0 50 100 150

L

chr01 chr02 chr03 chr04 chr05 chr06
0 50 100 0 50 100 0 50 100 0 50 100 50 100 0 50 100
chr07 chr08 09 c chri1 chri2 chrid%
0 50 100 0 50 100 0 50 100 0 50 0 50 0 50 0 50 100 150
chri4 chris chrié chri7 chr18 chr19 chrX

Fig. 3. Density of DNA binding proteins (including the GO terms: nucleic acid binding activity, DNA binding activity, and transcription
factor activity) in human (A) and mouse (B) chromosomes. The X axis represents chromosome length in Mb and the Y axis number of genes.
An asterisk indicates that the proportion of this sort of protein in the corresponding chromosome is higher than expected according to a
one-tail binomial test (p < 0.0001).

due to the likely presence of several paralogues). This would have been later lost in the mouse lineage. This
means that the maximum of divergences occurred at does not exclude the existence of other more recent,
approximately 0.175 substitution/position (midpoint  lineage-specific, gene duplications and losses in spe-
of the modal class) or 0.087 substitution/position per  cific clusters (Dehal et al. 2001; Shannon et al. 2003).
linecage, a value that probably approximates the typ-

ical separation between two orthologous KRAB-ZFP

genes. This value is smaller than the one obtained Discussion

from orthologues derived from all types of proteins.

The examination of gene duplications in the subtrees =~ We have shown with statistical confidence the exist-
in Fig. 4 in relation to this distance indicates more ence of a strong aggregation of DNA binding protein
clearly that a large number of the gene duplications coding genes in chromosome 19 and we have also
happened before the human—mouse split. Thus some shown that this aggregation of genes is not present in
clades of only human genes are too divergent com- the mouse genome (Figs. 2 and 3). In addition, a
pared to this distance to have originated recently. In  phylogenetic analysis of a major part of this cluster
conclusion, at least part of the cluster of KRAB-ZFP (mainly formed by KRAB-ZFP genes) indicates that

genes of chromosome 19, rather than having origi- part of this cluster probably originated previously to
nated in the human lineage, would have been present  the separation of the human and mouse lineages
before the human—-mouse split, in the common an- (Fig. 4), and therefore it was disrupted in the mouse

cestor of human and mouse, and some of the genes  lineage due to gene loss and rearrangements. This
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Fig. 4. Nine representative clades extracted from a phylogenetic
tree of 292 KRAB-ZFP genes of the human and mouse genomes.
Six of them (A--F) contain a large proportion of KRAB-ZFP genes
in human chromosome 19. Human sequences start with H, and
mouse sequences with M. Those sequences present in human

agrees with the overall conservation of the synteny of
human chromosome 19 in different orders of mam-
mals (Dehal et al. 2001; Tanabe et al. 2002) and even
in birds (Smith et al. 2002a), but not in rodents
(Dehal et al. 2001). The maintenance of an aggrega-
tion of genes with a similar function for a long time
might indicate that this cluster is favored by selection.
Accordingly, some type of selective force may have
favored the maintenance of the cluster of genes cod-
ing for DNA binding proteins in human chromosome
19, whereas this force is not acting in the rodent ge-
nome.

Another exceptional feature of chromosome 19 is
that it has the highest GC content of all human chro-
mosomes (75% in the fourfold degenerate positions of
exons versus an average of 55%) (Castresana 2002b;
Saccone et al. 2002). Isochores with a high GC content
have recently been shown to increase DNA bendability
and consequently ease the transition from nucleo-
some-wrapped to extended DNA (Anselmi et al. 2000;
Vinogradov 2003). This in turn would favor the in-
teraction of DNA binding proteins, such as tran-
scription factors, with the DNA helix and therefore an
active transcription of genes. In fact, it is known that
chromosome 19 has the highest levels of transcription

Human
= Mouse
0.087

chromosome 19 are also indicated. The scale-tree at the lower right
indicates the typical distance (midpoint of the modal class) between
putative KRAB-ZFP orthologues extracted from the whole tree
(=0.175 substitution/position or 0.087 substitution/position/line-

age).

of the genome (Caron et al. 2001). In rodents there is
not such a large region with a high GC content. The
human-like isochoric organization, highly fluctuant
between very low and very high GC content, seems to
be ancestral in mammals (Bernardi 2000a,b; Galtier
and Mouchiroud 1998). Thus, it is likely that a re-
duction of GC content occurred in this part of the
mouse genome rather than an increase in GC in certain
regions of the human genome. In this respect, it is also
possible to think that the reduction of GC content
occurred concomitantly with the disruption of the
cluster of DNA binding proteins in the mouse genome,
since both the gene cluster and the extremely high GC
content affect the same genomic regions. Meanwhile,
the primate lineage has maintained both the cluster of
genes coding for DNA binding proteins and the high
accessibility to this type of proteins in chromosome 19
mediated by the high GC. This raises the question
whether active transcription concentrated in certain
large genomic regions is more important for primates
than for rodents, but more data would be necessary to
study this possibility.

Finally, another intriguing feature of human
chromosome 19 is the high rate of synonymous evo-
lution of its genes (Castresana 2002b; Hardison et al.
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2003; Lercher et al. 2001; Waterston et al. 2002),
corroborated in this work by the analysis of introns
(Fig. 1). In a previous work we favored the idea that
the accumulation of synonymous substitution oc-
curred mainly in the mouse lineage as a consequence
of the alteration of its isochoric organization (Cas-
tresana 2002b). However, a recent comparison of
7645 human and chimpanzee genes (supplementary
informationin in Clark et al. 2003) indicates that
genes situated in chromosome 19 also show the
highest synonymous divergence of these two ge-
nomes. Thus it is likely that the primate lineage ex-
perienced many of the substitutions measured
between mouse and human. Our data indicate that
the synonymous rate of genes coding for DNA
binding proteins in chromosome 19 is not higher than
that of other genes in this chromosome (not shown),
and therefore the cause of the high rates cannot be
attributed to them. Another possibility is that, if the
isochoric organization has remained mainly un-
changed in the primate lincage (Bernardi 2000a;
Bernardi 2000b; Galtier and Mouchiroud 1998), the
extremely high GC content of human chromosome 19
(rather than its alteration) is the cause of the high
rates of mutation in synonymous and intron positions
observed in genes of this chromosome. This in turn
may be due partly to the base composition not being
at equilibrium and partly to enhanced mutagenesis in
high GC regions (Smith et al. 2002b). Although the
evolutionary pathway that led to the peculiar features
of human chromosome 19 remains speculative, the
analysis of the human and mouse genomes is showing
important differences in the organization of both
genomes. Other mammalian genomes will be neces-
sary to study how these differences arose.
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