breaks induced at ectopic transcription units®' activated by
demethylation.

The data presented here show that Dnmt3L is required for
heritable silencing of retrotransposons in male germ cells. Tempor-
ary deprivation of Dnmt3L through drug-induced conditional
alleles of the Dnmt3L gene might allow the controlled mobilization
of endogenous retrotransposons without meiotic catastrophe and
could form the basis of a system of retrotransposon insertional
mutagenesis that would be useful in forward genetic screens in the
mouse. g
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DNA-binding transcriptional regulators interpret the genome’s
regulatory code by binding to specific sequences to induce or
repress gene expression'. Comparative genomics has recently
been used to identify potential cis-regulatory sequences within
the yeast genome on the basis of phylogenetic conservation®,
but this information alone does not reveal if or when transcrip-
tional regulators occupy these binding sites. We have constructed
an initial map of yeast’s transcriptional regulatory code by
identifying the sequence elements that are bound by regulators
under various conditions and that are conserved among
Saccharomyces species. The organization of regulatory ele-
ments in promoters and the environment-dependent use of
these elements by regulators are discussed. We find that environ-
ment-specific use of regulatory elements predicts mechanistic
models for the function of a large population of yeast’s transcrip-
tional regulators.

We used genome-wide location analysis”'’ to determine the
genomic occupancy of 203 DNA-binding transcriptional regulators
in rich media conditions and, for 84 of these regulators, in at least 1
of 12 other environmental conditions (Supplementary Table 1,
Supplementary Fig. 1; http://web.wi.mit.edu/young/regulatory_
code). These 203 proteins are likely to include nearly all of the
DNA-binding transcriptional regulators encoded in the yeast gen-
ome. Regulators were selected for profiling in an additional
environment if they were essential for growth in that environment
or if there was other evidence implicating them in the regulation of
gene expression in that environment. The genome-wide location
data identified 11,000 unique interactions between regulators and
promoter regions at high confidence (P = 0.001).

To identify the cis-regulatory sequences that are likely to serve as
recognition sites for transcriptional regulators, we merged infor-
mation from genome-wide location data, phylogenetically con-
served sequences, and prior knowledge (Fig. la). We used six
motif discovery methods'™" to discover 68,279 DNA sequence
motifs for the 147 regulators that bound more than ten probes
(Supplementary Methods, Supplementary Fig. 2). From these
motifs we derived the most likely specificity for each regulator
through clustering and stringent statistical tests. This motif dis-
covery process identified highly significant (P = 0.001) motifs for
each of 116 regulators. We determined a single high-confidence
motif for 65 of these regulators by using additional criteria includ-
ing the requirement for conservation across three of four related
yeast species. Examples of discovered and rediscovered motifs are
depicted in Fig. 1b, and comparisons of the discovered motifs with
those described previously are shown in Supplementary Table 2.
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The discovered motifs provide significantly more information than
was previously available; for 21 of the regulators there was no
prior specificity information in the literature, and detailed prob-
ability matrices had previously been determined for only 17
regulators for which we report motifs'*. For Cin5, which showed
the largest difference between the computationally derived motif
(TTACRTAA) and the previously reported site (TTACTAA; Sup-
plementary Table 2), we found that the motif we report is also the
preferred target in vitro (Supplementary Fig. 3). We supplemented
the discovered motifs with additional motifs from the literature that
also passed conservation tests, and we used this compendium of
sequence motifs for 102 regulators (Supplementary Table 3) in all
subsequent analysis.

We constructed an initial version of the transcriptional regulatory
code by mapping on the yeast genome sequence the motifs that are
bound by regulators at high confidence (P = 0.001) and that are
conserved among sensu stricto Saccharomyces species (Fig. 2; http://
web.wi.mit.edu/fraenkel/regulatory_map). This map includes 3,353
interactions within 1,296 promoter regions. Maps of regulatory sites
encompassing larger numbers of promoters, constructed with
lower-confidence information, can also be viewed on the authors’
website. Because the information used to construct the map
includes binding data from multiple growth environments, the
map describes transcriptional regulatory potential within the

a
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Triplicate ChIP-1 ChIP-2 ChIP-3

experiments -
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S. paradoxus
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genome. During growth in any one environment, only subsets of
the binding sites identified in the map are occupied by transcrip-
tional regulators, as we describe in more detail below.

Where the functions of specific transcriptional regulators were
established previously, the functions of the genes they bind in the
regulatory map are highly consistent with this prior information.
For example, the amino-acid biosynthetic regulators Gen4 and Leu3
bind to sites in the promoter of BAP2 (chromosome II), which
encodes an amino-acid transporter (Fig. 2a). Six well-studied cell
cycle transcriptional regulators bind to the promoter for YHPI
(chromosome IV), which has been implicated in the regulation of
the G1 phase of the cell cycle. The regulator of respiration Hap5
binds upstream of COX4 (chromosome VII), which encodes a
component of the respiratory electron transport chain. Where
regulators with established functions bind to genes of unknown
function, these target genes are newly implicated in such functional
processes.

The utility of combining regulator binding data and sequence
conservation data is illustrated in Fig. 2b. All sequences matching
the regulator DNA binding specificities described in this study
(Supplementary Table 3) that occur within the 884-base-pair
intergenic region upstream of the gene BAP2 are shown in the
upper panel. The subset of these sequences that have been conserved
in multiple yeast species, and are therefore likely candidates for

Other published
evidence

CACETG

Rediscovered sequence specificities

wi _TCAc.  ACa
s TG

ot CACGTG

o T17000ACC

ser 1GAAAC.

Figure 1 Discovering binding-site specificities for yeast transcriptional regulators.

a, Cis-regulatory sequences likely to serve as recognition sites for transcriptional
regulators were identified by combining information from genome-wide location data,
phylogenetically conserved sequences and previously published evidence, as described in
Supplementary Methods. The compendium of regulatory sequence motifs can be found in
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Supplementary Table 3. b, Selected sequence specificities that were rediscovered and
were newly discovered are shown. The total height of the column is proportional to
the information content of the position, and the individual letters have a height
proportional to the product of their frequency and the information content.
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regulator interactions, is shown in the middle panel of Fig. 2b. The
presence of these conserved regulatory sites indicates the potential
for regulation through this sequence but does not indicate whether
the site is actually bound by a regulator under some growth
condition. The incorporation of binding information (Fig. 2b,
bottom panel) identifies those conserved sequences that are used
by regulators in cells grown under the conditions examined.

The distribution of binding sites for transcriptional regulators
reveals constraints on the organization of these sites in yeast
promoters (Fig. 2c). Binding sites are not uniformly distributed
over the promoter regions but instead show a sharply peaked
distribution. Very few sites are located in the region 100 base
pairs (bp) upstream of protein-coding sequences. This region
typically includes the transcription start site and is bound by the

letters to nature

transcription initiation apparatus. The vast majority (74%) of the
transcriptional regulator binding sites lie between 100 and 500 bp
upstream of the protein-coding sequence, far more than would be
expected at random (53%). Regions further than 500 bp upstream
contain fewer binding sites than would be expected at random. It
seems that yeast transcriptional regulators function at short dis-
tances along the linear DNA, a property that reduces the potential
for inappropriate activation of nearby genes.

We note that specific arrangements of DNA binding sites occur
within promoters, and we suggest that these promoter architectures
provide clues to regulatory mechanisms (Fig. 3). For example, the
presence of a DNA binding site for a single regulator is the simplest
promoter architecture and, as might be expected, we found that sets
of genes with this feature are often involved in a common biological
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Figure 2 Drafting the yeast transcriptional regulatory map. a, Portions of chromosomes
illustrating locations of genes (grey rectangles) and conserved DNA sequences (coloured
boxes) bound in vivo by transcriptional regulators. b, Combining binding data and
sequence conservation data. The diagram depicts all sequences matching a motif from
our compendium (top), all such conserved sequences (middle) and all such conserved
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Distance from translational start site

sequences bound by a regulator (bottom). ¢, Regulator binding site distribution. The red
line shows the distribution of distances from the start codon of open reading frames to
binding sites in the adjacent upstream region. The green line represents a randomized
distribution.
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function (Supplementary Table 4). A second type of promoter
architecture consists of repeats of a particular binding site sequence.
Repeated binding sites have been shown to be necessary for stable
binding by the regulator Dal80 (ref. 15). This repetitive promoter
architecture can also permit a graded transcriptional response, as
has been observed for the HIS4 gene'®. Several regulators, including
Digl, Mbp1 and Swi6, show a statistically significant preference for
repetitive motifs (Supplementary Table 5). A third class of promoter
contains binding sites for multiple different regulators. This pro-
moter arrangement implies that the gene might be subject to
combinatorial regulation, and we expect that in many cases the
various regulators can be used to execute differential responses to
varied growth conditions. Indeed, we note that many of the genes in
this category encode products that are required for multiple
metabolic pathways and are regulated in an environment-specific
fashion. In the fourth type of promoter architecture we discuss here,
binding sites for specific pairs of regulators occur more frequently
within the same promoter regions than would be expected by
chance (Supplementary Table 6). This ‘co-occurring’ motif archi-
tecture implies that the two regulators interact physically or have
related functions at multiple genes.

By conducting genome-wide binding experiments for some
regulators under multiple cell-growth conditions, we learned that
regulator binding to a subset of the regulatory sequences is highly
dependent on the environmental conditions of the cell (Supplemen-
tary Fig. 4). We observed four common patterns of regulator
binding behaviour (Fig. 4, Supplementary Table 7). Prior infor-
mation about the regulatory mechanisms employed by well-studied
regulators in each of the four groups suggests hypotheses to account
for the environment-dependent binding behaviour of the other
regulators.

‘Condition-invariant’ regulators bind essentially the same set of
promoters (within the limitations of noise) in two different growth
environments (Fig. 4). Leu3, which is known to regulate genes
involved in amino-acid biosynthesis, is among the best studied of
the regulators in this group. Binding of Leu3 in vivo has been
shown to be necessary but not sufficient for the activation of
Leu3-regulated genes'. Rather, regulatory control of these genes
requires the association of a leucine metabolic precursor with Leu3
to convert it from a negative to a positive regulator. We note that
other zinc cluster type regulators that show ‘condition-invariant’
behaviour are known to be regulated in a similar manner'®". It is
therefore reasonable to propose that the activation or repression
functions of some of the other regulators in this class have require-
ments in addition to DNA binding.

‘Condition-enabled’ regulators do not bind the genome detec-
tably under one condition, but bind a substantial number of
promoters with a change in environment. Msn2 is among the
best-studied regulators in this class, and the mechanisms involved
in Msn2-dependent transcription provide clues to how the other
regulators in that class might operate. Msn2 is excluded from the
nucleus when cells grow in the absence of stresses but accumulates
rapidly in the nucleus when cells are subjected to stress**'. This
condition-enabled behaviour was also observed for the thiamine
biosynthetic regulator Thi2, the nitrogen regulator Gatl and the
developmental regulator Rim101. We suggest that many of these
transcriptional regulators are regulated by nuclear exclusion or by
another mechanism that would cause this extreme version of
condition-specific binding.

‘Condition-expanded’ regulators bind to a core set of target
promoters under one condition but bind an expanded set of
promoters under another condition. Gen4 is the best-studied of
the regulators that fall into this ‘expanded’ class. The levels of Gen4
are reported to increase sixfold when yeast cells are introduced into
media with limiting nutrients*, owing largely to increased nuclear
protein stability’"*, and under this condition we find that Gen4
binds to an expanded set of genes. The probes bound when Gen4
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Figure 3 Yeast promoter architectures: single regulator architecture, promoter regions
that contain one or more copies of the binding site sequence for a single regulator;
repetitive motif architecture, promoter regions that contain multiple copies of a

binding site sequence of a regulator; multiple regulator architecture, promoter

regions that contain one or more copies of the binding site sequences for more than one
regulator; co-occurring regulator architecture, promoters that contain binding site
sequences for recurrent pairs of regulators. For the purposes of illustration, not all sites
are shown and the scale is approximate. Additional information can be found in
Supplementary Tables 4—6.

levels are low contain better matches to the known Gen4-binding
site than probes that are bound exclusively at higher protein
concentrations, which is consistent with a simple model for speci-
ficity based on intrinsic protein affinity and protein concentration
(Supplementary Fig. 5). The expansion of binding sites by many of
the regulators in this class might reflect increased levels of the
regulator available for DNA binding.

‘Condition-altered” regulators exhibit an altered preference for
the set of promoters bound in two different conditions. Stel2 is the
best-studied of the regulators whose binding behaviour falls into
this ‘altered’ class. Depending on the interactions with other
regulators, the specificity of Stel2 can change and alter its cellular
function®. For example, under filamentous growth conditions,
Stel2 interacts with Tecl, which has its own DNA-binding speci-
ficity”®. This condition-altered behaviour was also observed for the
transcriptional regulators Aft2, Skn7 and Ume6. We propose that
the binding specificity of many of the transcriptional regulators
might be altered through interactions with other regulators or
through modifications (such as chemical) that are dependent on
environment.

Substantial portions of eukaryotic genome sequence are believed
to be regulatory>**°, but the DNA sequences that actually contribute
to regulation of genome expression have been ill-defined. By
mapping the DNA sequences bound by specific regulators in various
environments, we identify the regulatory potential embedded in the
genome and provide a framework for modelling the mechanisms
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Figure 4 Environment-specific use of the transcriptional regulatory code. Four patterns of
genome-wide binding behaviour are depicted on the left, where transcriptional regulators
are represented by coloured circles and are placed above and below a set of target genes/
promoters. The lines between the regulators and the target genes/promoters represent

that contribute to global gene expression. We expect that the
approaches used here to map regulatory sequences in yeast can
also be used to map the sequences that control genome expression in
higher eukaryotes. U

Methods

Strain information

For each of the 203 regulators, strains were generated in which a repeated Myc-epitope-
coding sequence was integrated into the endogenous gene encoding the regulator.
Polymerase chain reaction (PCR) constructs containing the Myc-epitope-coding sequence
and a selectable marker flanked by regions of homology to either the 5" or 3" end of the
targeted gene were transformed into the W303 yeast strain 21256 (refs 8, 9). Genomic
integration and expression of the epitope-tagged protein were confirmed by PCR and
western blotting, respectively.

Genome-wide location analysis

Genome-wide location analysis was performed as described previously®®. Bound proteins
were crosslinked by formaldehyde to DNA in vivo, followed by cell lysis and sonication to
shear DNA. Crosslinked material was immunoprecipitated with an anti-Myc antibody,
followed by reversal of the crosslinks to separate DNA from protein. Immunoprecipitated
DNA and DNA from an unenriched sample were amplified and differentially fluorescently
labelled by ligation-mediated PCR. These samples were hybridized to a microarrray
consisting of spotted PCR products representing the intergenic regions of the
Saccharomyces cerevisiae genome. Relative intensities of spots were used as the basis for an
error model that assigns a probability score (P) to binding interactions. All microarray
data are available from ArrayExpress and from the authors’ website (http://
web.wi.mit.edu/young/regulatory_code).

Growth environments

We profiled all 203 regulators in rich medium. In addition, we profiled 84 regulators in at
least one other environmental condition. The list of regulators is given in Supplementary
Table 1.

Regulator binding specificity

The putative specificities of regulators were identified by applying a suite of motif
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binding events. Specific examples of the environment-dependent behaviours are depicted
on the right. Coloured circles represent regulators and coloured boxes represent their
DNA binding sequences within specific promoter regions. We note that regulators might
exhibit different behaviours when different pairs of conditions are compared.

discovery programs to the intergenic sequences identified by the binding data. The
resulting specificity predictions were filtered for significance with uniform metrics and
then clustered to yield representative motifs (Supplementary Fig. 2).

We used six methods to identify the specific sequences bound by regulators:
AlignACE"', MEME", MDscan'?, the method in ref. 2 and two additional new methods
that incorporate conservation data: MEME_c and CONVERGE. MEME _c uses the
existing MEME program without change but applies it to a modified set of sequences in
which bases that are not conserved in the sensu stricto Saccharomyces species were replaced
with the letter ‘N. CONVERGE is a novel expectation-maximization (EM)-based
algorithm for discovering specificities by using sequence information from multiple
genomes. Rather than searching for sites that are identical across the sensu stricto species,
as occurs with MEME_c, CONVERGE searches for loci at which all aligned sequences are
consistent with the same specificity model. See Supplementary Methods for runtime
parameters and additional details for all of these methods.

Each of the programs we used attempts to measure the significance of its results with
one or more statistical scores. However, we observed that these programs report results
with high scores even when applied to random selections of intergenic regions. To
distinguish the true motifs we chose a set of statistical measures that are described in
Supplementary Methods and converted these scores into the empirical probability that a
motif with a similar score could be found by the same program in randomly selected
sequences. To estimate these P values we ran each program 50 times on randomly selected
sets of sequences of various sizes. We accepted only those motifs that were judged to be
significant by these scores (P = 0.001).

Significant motifs from all programs were pooled and clustered with the use of a
k-medoids algorithm. Aligned motifs within each cluster were averaged to produce
consensus motifs and filtered according to their conservation. This procedure typically
produced several distinct consensus motifs for each regulator. To choose a single specificity
for each regulator we compared the results with information in the TRANSFAC”, YPD*
and SCPD* databases. When no prior information was available we chose the specificity
with the most significant statistical score.

Regulatory code

Potential binding sites were included in the map of the regulatory code if they satisfied two
criteria. First, a locus had to match the specificity model for a regulator in the S. cerevisiae
genome and at least two other sensu stricto Saccharomyces genomes with a score of at least
60% of the maximum possible. Second, the locus had to lie in an intergenic region that also
contained a probe bound by the corresponding regulator in any condition (P = 0.001). All
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analyses of promoter architecture and environment-specific binding were based on this
map and can be found in Supplementary Information.
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In the unactivated Limulus sperm, a 60-pm-long bundle of actin
filaments crosslinked by the protein scruin is bent and twisted
into a coil around the base of the nucleus. At fertilization, the
bundle uncoils and fully extends in five seconds to support a
finger of membrane known as the acrosomal process. This
biological spring is powered by stored elastic energy and does
not require the action of motor proteins or actin polymeriza-
tion'. In a 9.5-A electron cryomicroscopic structure of the
extended bundle, we show that twist, tilt and rotation of actin—
scruin subunits deviate widely from a ‘standard’ F-actin filament.
This variability in structural organization allows filaments to
pack into a highly ordered and rigid bundle in the extended state
and suggests a mechanism for storing and releasing energy
between coiled and extended states without disassembly.

The actin bundle of the Limulus acrosomal process is an unusual
actin-based engine that is highly ordered in its structure®. The coiled
state has a difference in average twist of 0.23° per subunit relative to
the extended form. Change in the twist accompanies uncoiling of
the bundle into the final extended state’. Mechanical measurements
of the extended bundle yield a Young’s modulus (a measure of
stiffness) of 2 GPa (refs 4—6). This stiffness enables the bundle to
penetrate the jelly layer surrounding the egg membrane. A 40-A
tomographic reconstruction’ revealed periodic and dense packing
of the scruin-crosslinked actin filaments. However, to understand
all these functions, a higher resolution structure is necessary.

An electron micrograph of the native extended bundle shows its
crystallinity (Fig. 1a). We merged data from 153 such bundles at
various orientations® to produce a three-dimensional map at a
resolution of 9.5 A (Fig. 1b). As far as we know, this is the highest
resolution of any electron cryomicroscopic reconstruction contain-
ing an F-actin filament. We can identify each actin subunit and both
domains of scruin, referred to as elongated (E) and spheroidal (S)
on the basis of their shape’®, and secondary structure elements of
both molecules.

We used correlation analysis and non-crystallographic symmetry
(NCS) averaging within the asymmetric unit to determine the
azimuthal and axial positions of the 14 actin—scruin subunits. The
azimuthal rotation between adjacent subunits ranges from —176.5°
to —142.5° (Fig. 1¢, d), and thus deviates from the canonical actin
helix by —10.4° under-twist to 4+23.6° over-twist. Nevertheless, the
rise per subunit in the axial direction had less than one pixel (1.33 A)
deviation. This amount of individual azimuthal distortion is larger
than the distortions found in averaged reconstructions from F-actin
filaments'®"®, but such studies cannot reveal individual subunit
variations.

On the basis of this two-dimensional cross-correlation, we
created an average actin monomer from the 14 subunits in the
asymmetric unit. In this map (Fig. 2a), three o-helices in sub-
domain 1 of actin were detected by an a-helix search (using the
program ‘helixhunter’)'®. Their locations match a-helices in the
actin crystal structure (amino acids 79-91, 113-125 and 137-144)".
Because we obtained this map without referring to the actin crystal
structure during either the reconstruction process® or the NCS
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