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ABSTRACT

The eukaryotic genome evolves under the dual con-
straint of maintaining coordinated gene transcrip-
tion and performing effective DNA replication and
cell division, the coupling of which brings about in-
evitable DNA topological tension. DNA supercoiling
is resolved and, in some cases, even harnessed by
the genome through the function of DNA topoiso-
merases, as has been shown in the concurrent tran-
scriptional activation and suppression of genes upon
transient deactivation of topoisomerase Il (topoll).
By analyzing a genome-wide transcription run-on ex-
periment upon thermal inactivation of topoll in Sac-
charomyces cerevisiae we were able to define 116
gene clusters of consistent response (either pos-
itive or negative) to topological stress. A compre-
hensive analysis of these topologically co-regulated
gene clusters reveals pronounced preferences re-
garding their functional, regulatory and structural
attributes. Genes that negatively respond to topo-
logical stress, are positioned in gene-dense pericen-
tromeric regions, are more conserved and associ-
ated to essential functions, while upregulated gene
clusters are preferentially located in the gene-sparse
nuclear periphery, associated with secondary func-
tions and under complex regulatory control. We pro-
pose that genome architecture evolves with a core of
essential genes occupying a compact genomic ‘old
town’, whereas more recently acquired, condition-
specific genes tend to be located in a more spacious
‘suburban’ genomic periphery.

INTRODUCTION

The distribution of genes in the genome of eukaryotes
is highly non-random. Early genome-wide transcriptome
analyses showed the expression of genes to correlate with
their linear order along the genome (1). Although it was
later shown that this was due to the clustering of constitu-
tive genes (2), such spatial associations have since been used
to provide the theoretical framework for links between gene
expression and chromatin structure (3) and the inference of
protein—protein interaction patterns (4). Non-random gene
distribution is also evident in the ontological enrichments
of gene neighborhoods, with functionally related genes be-
ing found in linear proximity more often than expected by
chance (5,0).

The selective pressures underlying gene localization are
thus of unequal intensity and diverse nature and a number
of seemingly irrelevant characteristics may shape the overall
genome architecture through evolution (7). Among those,
DNA supercoiling plays a prominent role. The structure of
the eukaryotic nucleus is affected by a number of processes
such as DNA replication, RNA transcription and the con-
stant ebb and flow of gene activation and repression. These
are imposing topological constraints in the form of super-
coiling, both types of which (positive and negative) may be
found in localized areas of the eukaryotic genome (8). It
was recently shown that such structurally-defined areas may
form part of extended ‘supercoiling domains’, where chro-
matin conformation correlates with the density of topoi-
somerases | and II (9). The connection between topologi-
cal attributes and gene expression appears to be so strong,
that in Drosophila melanogaster regions of negative super-
coiling, created through the inhibition of topoisomerase I,
show increased nucleosome turnover and recruitment of
RNA-PolIl molecules positively correlating with transcrip-
tion levels (10). Accumulated positive supercoiling, on the
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other hand, precludes the formation of transcription initi-
ation complexes (11,12), a fact indicative of the association
between topological constraints and gene expression.

In the budding yeast (S. cerevisiae), the organization
of genes in linear space has also been attributed to com-
mon regulatory mechanisms (13). Yeast’s distinguishing ge-
nomic feature is the overall gene density, with genes cover-
ing ~70% of the total genome (14). Despite its reduced size
of only 12 Mbp, the transcription dynamics of its genome is
highly complex, with genes being expressed in tandem and
in operon-like transcripts, with varying sizes of gene up-
stream and downstream regions (15). Transcription direc-
tionality in such a highly streamlined genome also plays a
crucial role in the regulatory process, with a number of bidi-
rectional promoters (16) exerting control over coupled gene
pairs. The interplay between DNA structure and gene reg-
ulation is manifest in a number of cases where gene expres-
sion is modulated through three-dimensional (3D) loops
formed at gene boundaries (17). Thus, even in a small eu-
karyotic genome, there is a strong association between gene
organization (in both linear and 3D space) and gene expres-
sion.

The response to topological stress has been shown to be
shaped by specific structural properties of yeast promot-
ers (18). In this work, we sought to investigate how the re-
sponse to the accumulation of topological stress may ex-
tend beyond single gene promoters to affect broader ge-
nomic regions. Starting from a genome-wide transcription
run-on (GRO) experiment, conducted shortly (15 min) af-
ter the thermal inactivation of topoll, we explored the for-
mation of clusters of genes that are differentially affected
and then went on to assess a number of related functional
and structural preferences. We were able to detect intricate
associations between DNA topology and the distribution
of genes in linear order and to show how the two may be
linked to other organizational characteristics such as gene
spacing, transcriptional directionality and the 3D organi-
zation of the yeast genome. Our results are suggestive of a
subtle dynamics of evolution of genome architecture, which
we describe as ‘Genome Urbanization’ and according to
which the relative position of genes in the nucleus reflects a
broader functional, structural and regulatory compartmen-
talization.

MATERIALS AND METHODS
Genome-wide transcription run-on data

Data were obtained from a genome-wide transcription run-
on (GRO) experiment conducted in triplicates on a yeast
strain lacking topoisomerase I and carrying a thermosen-
sitive topoisomerase II (JCW28-topl A, top2ts). Cultures
were incubated with a calibrated volume of hot medium for
10 min at 37°C and then for 5 min at 30°C in the presence
of ¥P-UTP. GRO was conducted as described in (19) and
data were analyzed as previously described in (18).

Gene clustering

Starting from an initial dataset of differential GRO values
for 5414 yeast protein coding genes (Supplementary Figure
S1 and Supplementary File 1), gene clusters were defined
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as the uninterrupted regions spanning the genomic space
from the first to the last segment in an all-positive (upreg-
ulated) or all-negative (downregulated) gene series (Figure
1A and B). Clusters of >7 genes were selected on the ba-
sis of a permutation analysis as suggested in (7). This was
performed by conducting 10 000 random permutations of
gene order while keeping the same GRO values. We used
functions from the BedTools Suite (20) to control for un-
altered gene sizes and chromosomal distributions. Size dis-
tributions (in number of genes) of the derived clusters were
calculated alongside the mean values and standard devia-
tion of those obtained for the 10 000 random gene sets. We
then compared the observed values with the expected un-
der randomness asking that the observed value be at least
greater than the mean of the 10 000 permutations by two
standard deviations. Clusters with >7 genes occurred in less
than 0.1% of the simulations (bootstrap value P = 0.0008)
and were divided into upregulated and downregulated, de-
pending on the mean GRO value of all genes in each cluster
(Supplementary File 2).

Gene cluster co-expression index

The co-regulation of genes in the clusters was assessed
through the adjusted correlation scores (ACS), as obtained
for the complete set of yeast genes from the SPELL database
(21). ACS values represent weighted correlation values for
a large number of genome-wide expression profiles. As a
measure of co-expression in a gene cluster, we calculated the
mean ACS of all genes within the confines of the cluster.

Positional enrichments of gene clusters in linear dimension

Genomic coordinates for yeast centromeres were ob-
tained from the Saccharomyces Genome Database (SGD)
(http://[www.yeastgenome.org/locus/centromere). Cluster-
centromere distances were calculated as the sequence
length between the most proximal cluster boundary to the
central point of the centromeric coordinates. Distances
were then scaled with the size of the chromosomal arm
extending from the central point of the centromere to the
chromosome’s boundary, so as to be represented in a range
of 0 (i.e. overlapping the centromere) to 1 (i.e. lying at the
edge of the corresponding chromosomal arm). Distances
from autonomously replicating sequences (ARS) were
calculated in the same way based on a compiled list of 829
yeast ARS published in OriDB (http://cerevisiae.oridb.org/)
(22).

Three-dimensional positional enrichments of gene clusters

We obtained the normalized frequency measurements of
a yeast 3C experiment (23). In order to define regions of
increased intra-chromosomal interactions, we used the
insulation profile approach described in (24), where an ag-
gregate score of contact frequencies is calculated along the
diagonal of an interaction map. By setting an upper limit of
insulation score equal to the bottom 5%-percentile we were
able to define 86 insulation domains at 10 kb resolution.
We then compared these domains for overlaps with the
defined gene clusters and long-terminal repeat (LTR) re-
gions, obtained from SGD (http://downloads.yeastgenome.
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Figure 1. DNA topological stress-responsive genes are clustered non-randomly. (A) Schematic representation of cluster definition. Contiguous genes with
similar (positive or negative) GRO values were joined in gene clusters, which were defined as the genomic region spanning the chromosomal space from
the farthest upstream to the farthest downstream gene boundary. (B) Location of genes and clusters with GRO values in part of chromosome IV. (C)
Distribution of number of genes in clusters. Real clusters show a skewed distribution toward larger sizes as compared to the mean of 10 000 random
permutation of GRO values. Differences are significant for gene numbers > 6. (D) Mean adjusted correlation scores (ACS) for up- and downregulated gene
clusters are significantly higher than the genomic average (randomly selected clusters of equal size and number), indicating increased co-regulation within
the confines of the defined clusters.



org/curation/chromosomal_feature/SGD _features.tab),
as LTRs have been known to be associated with barrier
regions between chromosomal domains of interaction.

At a second level we used the classification of yeast chro-
mosomal regions in network communities described in (25).
We calculated the enrichment of our up- and downregulated
gene clusters separately for the 13 distinct level-1 communi-
ties (Supplementary Table S7 from (25)). Overlap enrich-
ments were calculated, in all cases, on the basis of an ob-
served over expected ratio of overlaps between the two sets
of genomic coordinates and was statistically assessed on the
basis of 1000 random permutations of cluster coordinates.
Overlaps with a bootstrap P-value < 0.01 were deemed sig-
nificant (Supplementary File 3).

Functional and regulatory enrichment

We employed a modified gene set enrichment analysis at
gene cluster level to analyze concerted over-representations
of gene ontology (GO) terms (www.geneontology.org). En-
richment was calculated based on a hypergeometric test for
each gene cluster and controlled for multiple comparisons
at a 5% False Discovery Rate (FDR) (26). GO terms with
significant enrichment (adjusted P-value < 0.05) in at least
one of the two types of gene clusters (up- or downregulated)
were recorded.

Conserved transcription factor binding sites (TFBS) were
obtained from the UCSC Genome Browser’s Transcrip-
tional Regulatory Code track. These corresponded to a
compendium of 102 transcriptional regulators based on a
combination of experimental results, cross-species conser-
vation data for four species of yeast and motifs from the
literature, initially compiled by (27) and updated by (28).
Enrichment in TF binding was calculated as in the case of
chromosomal communities described above. Enrichments
were assessed as ratios of observed over expected overlaps
and P-values were obtained as bootstrap values from 1000
random permutations of cluster coordinates.

Gene and intergenic space size and direction of transcription

We used genomic coordinates downloaded from UCSC
(SGD/saCcer2). Intergenic distances were calculated as the
full length of regions spanning the genomic space between
two consecutive genes, using transcription initiation and
termination as boundaries, regardless of gene transcription
direction. We assigned to each gene a mean intergenic space
length to be the arithmetic mean of the lengths of gene
upstream and downstream intergenic regions. For genes at
chromosomal boundaries, one of the two intergenic regions
was set to be equal to the distance from the gene boundary
to the corresponding chromosomal start/end.

For the analysis of gene directionality, each chromosome
was scanned in overlapping 11-gene windows and for each
step we recorded: the full list of 11 GRO values, mean GRO
value of the central 7 genes and gene lengths and mean inter-
genic space lengths for all genes. The top/bottom 200 non-
overlapping clusters in terms of mean GRO value were ana-
lyzed at the level of gene and intergenic spacer lengths (Fig-
ure 3A). We used the same list to obtain patterns of gene
directionality as arrays of seven genes (Figure 3B). Sizes of
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11 and 7 genes respectively were restricted by our TCGC
analysis. As our clusters contained on average 9 genes (s.d
= 1.51, with all clusters bearing > 7 genes), sizes above 11
genes would significantly exceed the mean size of the ob-
served clusters. GRO values of the central gene were ana-
lyzed for three characteristic patterns corresponding to (i)
co-directional genes (central five genes transcribed in the
same direction) (ii) the central gene being a member of a
divergent or (iii) a convergent gene pair. These character-
istic patterns were chosen, among various combinations of
gene directionality, as the corresponding numbers of cases
were large enough to allow for statistical comparisons.

Sequence conservation and TFBS density

Sequence conservation was calculated as aggregate phast-
Cons scores (29) obtained from UCSC and based on a mul-
tiple alignment of seven Saccharomyces species. Mean con-
servation was taken as the mean phastCons score for a given
region. For each cluster we removed intergenic space and
calculated the mean aggregate phastCons score for all genes
in the cluster. TFBS density was calculated as the percent-
age of the length of each TCGC overlapping with conserved
TFBS as compiled in (27).

Gene cluster directionality conservation index

We obtained orthologous gene coordinates for Saccha-
romyces paradoxus and Saccharomyces mikatae from the
Yeast Gene Order Browser (YGOB) (30). For each genomic
region of S. cerevisiae we calculated the ratio of genes retain-
ing their position and direction of transcription in the other
two species. A value of 1/N, N being the number of genes
in the region, was added to the score if both the gene’s posi-
tion and direction was maintained in the other two species.
This led to measure of directionality conservation on a scale
of 0 (no retention of direction) to 1 (absolute retention of
direction). The contour map of Figure 3C was formed by
splitting the two-dimensional space in a 10 x 10 grid and
assigning each bin with the proportion of clusters falling
in the corresponding sequence/direction conservation value
range (bins of 0.1 for each). The final value assigned to each
of the 10 x 10 bin was the log2(ratio) of up/downregulated
cluster frequency. Values >0 corresponded to an enrich-
ment of up- and values <0 to an enrichment of downreg-
ulated clusters.

RESULTS
Non-random clustering of topologically co-regulated genes

We first sought to define domains with concordant response
to DNA topological stress in the form of gene clusters of
contiguous GRO values (Figure 1A and B and ‘Materials
and Methods’ section). In total there were 116 clusters with
more than 7 genes and 180 clusters containing 6 or more
genes, which were deemed highly significant on the basis
of a permutation test (Figure 1C and ‘Materials and Meth-
ods’ section). Of these significantly long (>7 genes) clusters,
50 comprised exclusively upregulated genes and 66 exclu-
sively downregulated ones (median number of genes = §
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for both types, Supplementary File 2). In total, the clusters
comprised 1074 genes (~20% of the total).

Given that we measure topological stress in transient heat
shock conditions, we wanted to see if the clustering effect
we observe could be attributed to the temperature shift.
We employed an identical clustering approach in gene ex-
pression profiles obtained upon heat shock stress condi-
tions as published in a landmark paper (31). Even though
a certain degree of clustering is observed (Supplementary
Figure S2) the degree of overlap between the two condi-
tions is insignificant. In fact, comparison of our torsional
stress condition with a variety of nutrient, environmental
and chemical stresses showed limited similarity in the gene
expression patterns (Supplementary Figure S3). Further-
more, applying the same clustering approach in eight differ-
ent stress conditions yielded numbers of clusters that were
in all cases smaller and containing <70% of the genes con-
tained in our topological-stress gene clusters (Supplemen-
tary Figure S4). Hence, the observed strong clustering ten-
dency appears to be a characteristic property of the topo-
logically induced/suppressed genes.

Genes belonging to the topological stress-induced genes
showed a significant tendency to be co-regulated. By an-
alyzing weighted gene expression correlations based on
the largest compendium of gene expression experiments in
yeast (32), we found topologically induced clusters to be
have significantly greater ACS compared to a random se-
lection of gene clusters (Figure 1D). Based on the way they
were defined, we chose to refer to them as “Topologically
co-regulated gene clusters’ (TCGCs) and went on to char-
acterize them in terms of various properties.

Positional preferences of topologically co-regulated gene
clusters in linear chromosomes

The chromosomal distribution of TCGCs (Figure 2A) sug-
gests a non-random localization along the genome. Up-
regulated gene clusters tend to be found toward the outer
boundaries of linear chromosomes, while downregulated
ones show a tendency for their center, often in close prox-
imity to the centromeres. In some cases, clusters appear to
assemble in super-clusters as in the case of the right arm
of chromosome 12 or the left arms of chromosomes 6 and
7. A straight-forward analysis of TCGC distance from the
centromeres showed statistically significant opposing pref-
erences for the up- and downregulated gene clusters to be
located away from and close to centromeres respectively (P
< 0.05, Supplementary Figure S5).

The process of DNA replication is tightly connected to
DNA supercoiling. We sought to examine differences in the
positions of TCGCs compared to DNA replication origins
(ARS). We found downregulated clusters to be preferen-
tially located away from DNA replication origins (ARS)
(Mann—Whitney U-test P < 0.0003 compared to a random
set of equal number of clusters). Even though this may be
related to a lack of ARS sites in close proximity to the cen-
tromeres, the great discrepancy between down- and upreg-
ulated TCGCs to overlap DNA replication origins (Fisher’s
test, P = 0.000381, OR = 0.175) is characteristic of strong
opposite positional preferences between the two types of
clusters. This avoidance may be explained on the basis of

an optimization strategy throughout the course of evolu-
tion, as genes that are more severely affected by topological
stress will tend to be located far from DNA replication ori-
gins.

Opposing functional and regulatory preferences in different
types of TCGCs

Topoll is essential for yeast cells and its prolonged deac-
tivation is bound to cause a general shutdown of cellular
activity. The fact, however, that a significant proportion of
yeast genes respond to its transient deactivation with in-
creased transcription levels indicates the existence of a pos-
itive effect for a subset of cellular functions. In a previous
study (18) we have shown that the regulatory and functional
properties of the topo-affected genes is radically different
from those induced or repressed upon heat shock. In fact,
the stress imposed by the deactivation of topoll is very par-
ticular, when compared to a number of nutrient, chemical
or environmental stresses (Supplementary Figure S3). This
prompted for a detailed functional analysis of the topolog-
ically defined gene clusters.

A functional enrichment analysis at the level of GO (Fig-
ure 2B) shows extensive differences between the two types
of TCGC s, a fact indicative of their nuclear compartmental-
ization being echoed in their functional roles. Three main
clusters are apparent: (i) functions enriched in both types
of clusters include secondary metabolism and DNA main-
tenance. (i1) GO terms that are enriched in upregulated clus-
ters and depleted in downregulated ones, represent func-
tions related to cellular transport, the metabolism of co-
factors and general stress response. (iii) Downregulated-
specific GO terms contain basic cellular functions associ-
ated with RNA transcription and processing, translation
and the nuclear environment. A general pattern suggests
that the localization of clusters among chromosomes is also
reflected in their functions with upregulated gene clusters
being mostly enriched in peripheral functions, unrelated to
the core molecular processes, as opposed to the downreg-
ulated ones that are associated with basic cell functions re-
lated to RNA production, processing and protein synthesis.

Figure 2C highlights the transcription factors whose
binding sites are found more or less frequently than ex-
pected by chance for both types of TCGCs (see also Sup-
plementary Table S1). Downregulated gene clusters tend
to be mostly depleted of TFBS, which is partly explained
by the fact that they are enriched in constitutively ex-
pressed genes and thus subject to less complex regulation.
From a previous analysis at the level of gene promoters
on the same dataset we know downregulated genes to be
enriched in essential functions, with stable expression lev-
els and mostly depleted of TATA-boxes (18). Upregulated
TCGCs, on the other hand, reflect a more complex regu-
lation pattern, with significant enrichments for factors re-
lated to chromatin structure, DNA surveillance and amino
acid transport (Supplementary Table S1 and relevant dis-
cussion). This positional-functional compartmentalization
is also reflected on a number of structural attributes of these
clusters, discussed in the following.
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Figure 2. Functional enrichment and regulatory modes in topologically co-regulated clusters. (A) Distribution of 116 topologically co-regulated gene
clusters (TCGCs) in the yeast genome. (B) GO term enrichment heatmap of TCGCs of both types. Enrichments were calculated based on a modified Gene
Set Enrichment Analysis (26). Only GO terms with an adjusted P-value < 0.05 (at 5% FDR) for at least one of the two TCGCs types are reported. (C)
Volcano plot showing enrichments of transcription factor binding sites (TFBS) for 102 different transcriptional regulators compiled by (27). Enrichments
are shown as log2-based observed/expected ratios. Values >0 indicate enrichment and values <0 indicate depletion (see ‘Materials and Methods’ section).

P-values correspond to 1000 permutations for each transcriptional regulator.

Gene spacing and directionality of transcription in TCGCs

During transcription, DNA torsional stress accumulates
with different sign ahead of and behind the gene’s transcrip-
tion start site. This makes the size of both the gene and the
preceding intergenic spacer, as well as the relative direction
of transcription in relation to adjacent genes, highly rele-
vant for the dissipation of topological tension. The effect
of topoll deactivation has been shown to be generally in-
dependent from the size of the majority of yeast genes (33),
but it is strongly inhibitory in the case of long transcripts
(34). The situation is very different when one looks, instead,
into the surrounding intergenic space. When we ranked the
complete set of yeast genes according to their GRO values
and plotted them against the mean size of intergenic spac-
ers we found a a clear positive correlation (Supplementary
Figure S6, P-value < 10~!%) between the log-size of the in-
tergenic regions and the observed GRO value. This is highly
indicative of transcription-induced topological stress being
more readily dissipated in genes with long upstream (and
downstream) regions. It is worth noticing, that this is an-
other characteristic property of topologically-induced gene
clusters. When comparing the intergenic spacer sizes of up-
versus downregulated gene clusters a significant difference
was found for TCGCs (t-test P-value < 10~%, Heat-shock
clusters P-value = 0.09).

The association between DNA topology and structural
genomic features is expected to be more pronounced in the
series of adjacent genes with similar GRO values. In order
to study the effect of intergenic space in co-regulated gene
clusters, we employed a more relaxed criterion in the defini-
tion. We thus obtained all possible arrays of seven contigu-
ous genes, ranked them according to their mean GRO value
and kept the top and bottom 200 non-overlapping such ar-

rays as upregulated and downregulated clusters. These con-
tained the complete set of our TCGCs but also a number
of additional gene clusters that showed consistent behav-
ior in their response to topological stress, although not en-
tirely positive or negative in terms of GRO value. We then
expanded these clusters on either side in order to comprise
11 genes each (see ‘Materials and Methods’ section for de-
tails) and compared the average intergenic space along them
as shown in Figure 3A. Upregulated clusters showed inter-
genic regions of significantly increased size compared to the
genomic average (which is about 660 bp), an increase that,
moreover, appeared to be inflated toward the central genes
in the cluster. Genes in downregulated clusters were, on the
other hand, flanked by much shorter intergenic regions and
did so consistently, with little fluctuation. This striking dis-
crepancy is not observed in the case of heat-shock or hy-
perosmotic stress induced clusters (Supplementary Figure
S8). Besides their reduced potential for resolving topologi-
cal stress, shorter intergenic regions provide shorter avail-
able genomic space for transcription factors, which may
account for the marked under-representation of TFBS in
downregulated gene clusters (Supplementary Figure S10B).

Figure 3A is strongly indicative of the impact of genomic
architecture on the maintenance of topological equilibrium
in the nucleus. Genes flanked by shorter intergenic spacers
will be more prone to the accumulation of supercoiling on
either side of the transcription bubble and therefore more
sensitive to the lack of topoll, while genes that allow for the
dissipation of topological strain into longer, untranscribed,
nearby regions are predictably more resilient.

Synergistic effects between neighboring genes may be ac-
centuated by the directionality of transcription of consecu-
tive genes. Gene clusters with more ‘streamlined’ direction-
ality patterns are expected to be able to accommodate DNA
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intervals. (B) Distribution of GRO values of genes lying in the center of five-gene clusters with different directionality patterns defined on the basis of
transcriptional direction (N-co-directional = 36, N-divergent = 29, N-convergent = 25). P-values calculated on the basis of a Mann—Whitney U test. (C)
Contour heatmap of enrichment of different types of TCGCs in areas of mean sequence conservation (as above, x-axis) and transcriptional direction index
(y-axis), defined as the proportion of genes retaining relative gene position and directionality in two closely related species. Enrichments were calculated
as log2-ratios of upregulated/downregulated clusters having values in a 10 x 10 value grid (see ‘Materials and Methods’ section). (D) Intra-chromosomal
interactions map of chromosome 1V and corresponding domains of insulation (black). Upregulated clusters (red) show a significantly increased tendency
to be located in proximity to insulation regions, when compared to downregulated ones.

supercoiling in a more effective manner, using alternating
positive and negative supercoiling to ‘propel’ transcription.
In order to test this hypothesis, we searched our gene clus-
ter dataset for specific patterns of gene directionality. We
split clusters in three categories depending on whether the
central gene in the cluster (i) formed part of a series of co-
directional transcriptional units or (ii) was belonging to a
pair of divergently or (iii) convergently transcribed genes.
We then compared the GRO values of the central gene in
each category. The results (Figure 3B and Supplementary
Figure S7) are indicative of a mild, yet significant associa-
tion between gene directionality patterns and the response
to topoll deactivation. Genes lying midway in clusters of co-
directional transcription have in general higher GRO val-
ues, while genes belonging to convergent pairs have diffi-
culty in dealing with topological tension. Divergently tran-
scribed genes lie somewhere in the middle in terms of sen-
sitivity as reflected in their average GRO values. Again, this

appears to be a distinctive property of TCGCs. Identical
analysis conducted for clusters obtained under a variety of
stresses shows no differences between up- and downregu-
lated clusters in terms of intergenic spacer sizes or gene
directionality patterns (Supplementary Figures S8 and 9).
Thus even if a certain clustering tendency may exist under
various stress conditions, the functional and structural con-
straints described herein are characteristics predominantly
imposed by DNA topology.

Different conservation constraints in TCGCs

In order to investigate how the properties described above
may be constrained through evolution, we performed an
analysis of conservation at two levels. First, we analyzed the
mean sequence conservation per cluster as aggregate phast-
Cons scores (29), obtained from a genome-wide alignment
of six Saccharomyces species (35). Average sequence con-
servation (excluding intergenic space) was negatively corre-



lated with the mean GRO value for the 116 TCGCs (Supple-
mentary Figure S10A, P < 0.01), confirming that downreg-
ulated clusters are significantly more constrained in terms
of sequence conservation. Increased conservation for down-
regulated gene clusters does not come as a surprise given
their functional preferences described in previous sections.
Genes in upregulated clusters on the other hand appear to
be under more moderate sequence constraint, a fact which
could be indicative of their less essential role or their more
recent acquisition through gene duplication (36).

We next turned to more complex conservation features
that also take into account synteny relationships, reflected
upon the position and transcriptional direction of genes in
related species. We made use of data from the Yeast Gene
Order Browser (YGOB; http://wolfe.gen.tcd.ie/ygob) (30),
which contains a detailed catalog of orthologous genes be-
tween a number of yeast species. We collected all ortholo-
gous gene pairs between S. cerevisiae and two of its clos-
est species in the sensu stricto complex, S. paradoxus and S.
mikatae. We analyzed them separately for up- and down-
regulated clusters by calculating a simple measure of ‘di-
rectional conservation’ (‘Materials and Methods’ section).
Given that syntenic regions are by definition under se-
quence constraint downregulated clusters were, as expected,
characterized by both high sequence and directional conser-
vation as may be seen in Figure 3C. What was rather inter-
esting was the corresponding position of genes in upregu-
lated clusters in the same two-dimensional constraint space.
While we already knew that sequence constraints were more
relaxed in these regions, we found a significant propor-
tion of genes with high values of directional conservation,
suggesting that upregulated gene clusters tend to maintain
the directionality patterns even under milder sequence con-
straints. It thus seems, that keeping a co-directional gene
layout confers a relative advantage to genomic regions that
are otherwise less conserved in terms of sequence.

Topologically co-regulated gene clusters associate with dif-
ferent components of the three-dimensional genome structure

The eukaryotic nucleus is organized in three-dimensions,
where chromosomes interact in space forming intra and
inter-chromosomal domains (37) and which largely af-
fect the processes of genome replication and transcription.
Even though, the 3D organization of yeasts does not share
the complexity of higher eukaryotes with topologically-
associated domains and nuclear compartments, it maintains
aspects of organization such as ‘globules’ that represent re-
gions of increased intra-chromosomal interactions (23,38).
Having observed strong positional preferences of TCGCs
in linear dimension, we went on to examine whether these
may be reflected in the higher-order 3D structure of the
genome. We used intrachromosomal interaction data from
a 3C experiment (23) to define regions of increased intra-
chromosomal interactions separated by insulating regions
(see ‘Materials and Methods’ section). We found downreg-
ulated gene clusters to be predominantly occupying regions
spanning the high-interaction frequency regions, while up-
regulated ones were found to be significantly more proximal
to insulating boundaries (Figure 3D, Fisher’s test P-value
= 0.0182, Supplementary Figure S11). This propensity is
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indicative of a preference of clusters that are positively af-
fected by topological stress to occupy less entangled and
more ‘open’ parts of the chromatin and fits well with the rest
of their characteristic properties described up to now. LTR
regions are known to be associated with intra-chromosomal
domain boundaries and were also found to be enriched in
our defined insulating regions (enrichment > 1.5, P-value
< 0.001, Supplementary Table S2). There was, however, no
significant overlap of our TCGCs with LTRs, a fact indica-
tive of an LTR-independent preference of upregulated clus-
ters to lie between high-interaction-frequency genomic do-
mains. That this tendency is primarily linked to DNA topol-
ogy, is further supported by the fact that a similar degree of
enrichment was not found for any other of the studied stress
conditions (Supplementary Table S2).

Differences in the distribution of TCGCs in the 3D nu-
cleus were also picked up after an analysis at a higher level
using a partition of the yeast genome in chromosomal net-
works (25) (see ‘Materials and Methods’ section). We found
downregulated TCGCs to be preferentially located in the
center of the nucleus, described in the model of (25) as an
extensive ‘community’ of pericentromeric interchromoso-
mal interactions. Upregulated ones, on the other hand, were
mostly found enriched in the periphery, which is constituted
by the subtelomeric regions and the right arm of chromo-
some 12 (Supplementary Figure S12 and Supplementary
File 3).

DISCUSSION

The existence of topologically co-regulated gene clusters
(TCGCs) implies that eukaryotic genes may be synergisti-
cally orchestrated in gene neighborhoods with particular
characteristics. By persistently analyzing the defined gene
clusters at various levels, we were able to outline an over-
arching pattern, according to which the yeast genome may
be broadly divided in two compartments that have, in time,
assumed radically different architectures and operational
roles. Downregulated clusters, preferentially located toward
the center of the nucleus, consisted of highly conserved
genes associated with essential functions. These are expect-
edly shut-down by the accumulation of supercoiling in the
process of a general suspension of topologically ‘expen-
sive’” processes such as the transcription of rRNA. Upreg-
ulated clusters, on the contrary, predominantly comprise
stress-responsive genes, whose functions may be required to
dampen or even reverse topological stress. Their structural
organization, with long intergenic spacers and gene tran-
scriptional co-directionality may further enable these areas
of the genome to even harness DNA supercoiling in order
to achieve increased transcription levels.

Such compelling disparity at all studied levels points to-
ward a general pattern of genome architecture. This very
much resembles an urbanization process, that has over evo-
lution demarcated an ‘old-town’ at the centromeric part of
the nucleus, formed by tightly crammed ancient genes and
a ‘suburban genome’ at the chromosomal outskirts, where
newly acquired genes occupy greater spaces with an ordered
directionality that resembles tract housing (Figure 4). This
‘Genome Urbanization’ is echoed in various genomic fea-
tures that we have discussed in the context of TCGCs. When
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Figure 4. Genome Urbanization. Positional preferences of topologically co-regulated gene clusters reflect structural, regulatory and functional compart-
mentalization. Genome Urbanization in Saccharomyces cerevisiae. A schematic of the yeast interphase nucleus is shown based on the Rabl configuration
(46). Pericentromeric regions correspond to what we call the ‘Old city center’ with enrichment in gene clusters downregulated under topoll deactivation.
The genome in these areas may be compared to the crammed houses of a medieval town separated by narrow, intertwined alleys. Genes in the ‘old town’
are more conserved, associated with essential functions and located within tighter genomic spaces with fewer TFBS and entangled directionality. Genomic
regions at the nuclear periphery are resembling a ‘suburban landscape’ where more recently acquired (and less conserved) genes are spaced in co-directional
operon-like arrays, separated by longer intergenic sequences, reminiscent of the tract housing of modern city suburbia.

looking at the sequence conservation of genes as a func-
tion of their distance from the centromere we find a weak
negative correlation, with the 5% most distant genes being
significantly less conserved than the 5% most proximal (n
= 638, t-test P-value = 0.005). Similar discrepancy is ob-
served when looking at the intergenic space length (n = 508,
t-test P-value < 10~°). Gene clusters that match the proper-
ties of our TCGCs may be found in the literature, with the
most notable example being the the DAL cluster (Degra-
dation of Allantoin), located in the subtelomeric region of
chromosome IX and containing a string of genes, whose di-
rectionality has been conserved among yeast species (39).
Such examples suggest that the functional/structural prop-
erties described herein represent natural characteristics of
the genome.

It thus appears that the division of the genome in do-
mains with specific ‘architectural’ characteristics may well
extend beyond DNA topology. Our findings indicate that
the Genome Urbanization scheme is likely a general fea-
ture, that allows the nucleus to dissipate DNA topological
stress more effectively, but whose functions are likely to ex-
tend to gene functionality (40), regulation programs (16,41)
and genome evolution (42).

A particularly important element to consider is that of
transcriptional plasticity. The over-representation of stress
responsive genes in upregulated clusters points toward an
organization of the genome, in which genes that need to

readily modulate their expression levels according to envi-
ronmental conditions are preferentially located in particu-
lar genomic ‘niches’. Recent works have provided interest-
ing links between plasticity and genomic features that re-
semble the ones we find to be hallmarks of the ‘suburban
genome’, namely non-essentiality, complex regulation and
gene duplication (43). The size of the intergenic space be-
tween genes has also been shown to widely shape expression
variability (44).

The concept of ‘Genome Urbanization’ may extend to
more complex eukaryotes, albeit not in a straight-forward
manner. The size, gene density and evolutionary dynamics
of the unicellular S. cerevisiae make the delineation of do-
mains more clear-cut, while the complexity of gene-sparse
genomes from multicellular organisms with the require-
ments for spatio-temporal expression patterns is bound to
be reflected upon a more entangled genome architecture
(45) compared to the less complex yeast genome confor-
mation (46). The advent of new experimental approaches
for the study of genome conformation in three dimensions
provides a solid framework for testable hypotheses that will
expand our understanding of the evolution of genome or-
ganization.
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