Identiﬁcation and characterization of a previously
undescribed family of sequence-speciﬁc
DNA-binding domains
Matthew B. Lohsea,1, Aaron D. Herndaya,1,2, Polly M. Fordyceb,c, Liron Noimana,d, Trevor R. Sorrellsa,d,
Victor Hanson-Smitha, Clarissa J. Nobilea, Joseph L. DeRisib,c, and Alexander D. Johnsona,b,3
Departments of aMicrobiology and Immunology and bBiochemistry and Biophysics, University of California, San Francisco, CA 94158; cHoward Hughes Medical
Institute, Chevy Chase, MD 20815; and dTetrad Program, Department of Biochemistry and Biophysics, University of California, San Francisco, CA 94158
Edited by Robert T. Sauer, Massachusetts Institute of Technology, Cambridge, MA, and approved March 27, 2013 (received for review December 13, 2012)

Sequence-speciﬁc DNA-binding proteins are among the most important classes of gene regulatory proteins, controlling changes in
transcription that underlie many aspects of biology. In this work,
we identify a transcriptional regulator from the human fungal
pathogen Candida albicans that binds DNA speciﬁcally but has
no detectable homology with any previously described DNA- or
RNA-binding protein. This protein, named White–Opaque Regulator 3 (Wor3), regulates white–opaque switching, the ability of
C. albicans to switch between two heritable cell types. We demonstrate that ectopic overexpression of WOR3 results in mass conversion of white cells to opaque cells and that deletion of WOR3
affects the stability of opaque cells at physiological temperatures.
Genome-wide chromatin immunoprecipitation of Wor3 and gene
expression proﬁling of a wor3 deletion mutant strain indicate that
Wor3 is highly integrated into the previously described circuit regulating white–opaque switching and that it controls a subset of
the opaque transcriptional program. We show by biochemical, genetic, and microﬂuidic experiments that Wor3 binds directly to
DNA in a sequence-speciﬁc manner, and we identify the set of
cis-regulatory sequences recognized by Wor3. Bioinformatic analyses
indicate that the Wor3 family arose more recently in evolutionary
time than most previously described DNA-binding domains; it is
restricted to a small number of fungi that include the major fungal
pathogens of humans. These observations show that new families
of sequence-speciﬁc DNA-binding proteins may be restricted to
small clades and suggest that current annotations—which rely on
deep conservation—underestimate the fraction of genes coding for
transcriptional regulators.
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egulation of gene expression by sequence-speciﬁc DNAbinding proteins underlies many biological processes, from
environmental responses in single-celled organisms to the development of multicellular structures in animals and plants.
Between 5% and 10% of the coding capacity of most genomes is
dedicated to these proteins, and they can be arranged into numerous families and superfamilies based on their amino acid
sequences and the structural motifs through which DNA is recognized (1). In this paper, we identify a previously uncharacterized family of sequence-speciﬁc DNA-binding proteins that
appeared recently in the lineage giving rise to Candida albicans,
the most common fungal pathogen of humans.
C. albicans is a part of the normal human gut microbiome, but
it also may cause disease in humans. In immunocompromised
individuals, it may lead to a wide range of medical problems,
including disseminated bloodstream infections with mortality
rates upward of 40%, as well as superﬁcial mucosal infections
such as thrush (2–4). C. albicans undergoes a process known as
white–opaque switching, in which it switches between two genetically identical but phenotypically distinct cell types termed
“white” and “opaque” (5–11). These two states are heritable,
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with white cells giving rise to white cells and opaque cells giving
rise to opaque cells. Switching between these two cell types is
rare, occurring approximately once every 10,000 generations, in
a seemingly stochastic manner under standard laboratory conditions (12). The white–opaque switch is intimately connected
with mating in C. albicans, as opaque cells are the mating-competent cell type, whereas white cells do not mate (13). Overall,
roughly one-sixth of the C. albicans genome is differentially
regulated between the two cell types (14–16), resulting in different cell and colony morphologies (9), different interactions
with the host immune system (17–20), and different metabolic
preferences (14).
Previous work has identiﬁed ﬁve key transcriptional regulators—Wor1, Wor2, Czf1, Efg1, and Ahr1—that control white–
opaque switching in C. albicans through a series of nested positive-feedback loops (21–24) (Fig. 1). In this paper, we report
a sixth regulator of white–opaque switching in C. albicans that
was identiﬁed based on an examination of transcripts up-regulated in opaque cells compared with white cells and on genomewide binding data for Wor1, the “master regulator” of white–
opaque switching. We describe how this regulator, which we have
named Wor3, is integrated into the circuitry deﬁned by the
previously identiﬁed regulators, and we show that an 84-amino
acid region of Wor3 can bind to DNA in a sequence-speciﬁc
manner. Using a variety of strategies, including a microﬂuidicsbased approach in which Wor3 is presented with all possible 8-mer
DNA sequences, we identify the cis-regulatory sequence recognized by this DNA-binding domain. Finally, we show by numerous criteria that Wor3 exempliﬁes a distinct family of DNAbinding proteins.
Results
Identiﬁcation of Wor3 (Orf19.467). Although ﬁve regulators of
white–opaque switching have been identiﬁed, there is no compelling reason to assume these represent the complete set. To
identify additional regulators of white–opaque switching, we
reexamined the previously published RNA-seq transcriptional
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opaque switching, we ectopically overexpressed it in white cells.
This resulted in mass conversion of the colonies to the opaque
cell type, whereas the control strain remained white (Fig. 2B and
SI Appendix, Table S1). This ectopic expression phenotype is very
similar to that previously observed for other switch regulators
[e.g., WOR1 and CZF1 (21, 22, 24)], and based on this ability
we named Orf19.467 “White–Opaque Regulator 3” (Wor3).
Deletion of WOR3 Affects the Stability of Opaque Cells at Elevated
Temperatures. We next examined the effects of deleting WOR3

Fig. 1. Working model for the white–opaque regulatory circuit and its activity in white and opaque cell types. (A) In white cells, EFG1 represses WOR1
directly and indirectly through WOR2 to maintain white cell identity. (B) In
opaque cells, WOR1, WOR2, and CZF1 establish a series of positive-feedback
loops, maintaining opaque cell identity and repressing EFG1. Up-regulated
genes and active relationships are indicated in black. Down-regulated genes
are indicated in gray. Arrows and bars represent activation and repression,
respectively. Figure adapted from Zordan et al. (22) and incorporates data
from Lassak et al. (47) and Sriram et al. (48).

on white–opaque switching. Under a standard set of laboratory
conditions (25 °C, synthetic dextrose + amino acids + uridine),
deletion of WOR3 had no measurable effects on the whiteto-opaque switching rate or on the stability of the opaque state
(Fig. 2 C–E and SI Appendix, Table S1). However, at physiological human body temperature (37 °C), the wor3 deletion
strain showed a strong effect on opaque cell stability. Normally,
C. albicans opaque cells switch en masse back to white cells when
the temperature is raised from 25 °C to 37 °C in Spider medium
supplemented with glucose. However, the wor3 deletion strain
remained opaque at 37 °C under these conditions (SI Appendix,
Fig. S1). Thus, both WOR3 overexpression and deletion promote
the opaque state. None of the other ﬁve white–opaque regulators
shows this pattern of behavior, suggesting that Wor3 has a distinctive role in the circuit.

proﬁling data of white and opaque cells (16) as well as the
genome-wide chromatin immunoprecipitation (ChIP-chip) binding
data for Wor1 (22). We also performed microarray-based transcriptional proﬁling of the two cell types to provide an independent
set of data. To identify additional regulators, we searched for genes
that were highly up-regulated in opaque cells (in both the RNAseq and microarray-based proﬁling datasets) and whose promoters
were highly enriched for the presence of Wor1 by ChIP-chip
in opaque cells. Only one gene, ORF19.467, met both criteria
(Dataset S1). This gene is up-regulated 20- to 100-fold in opaque
cells and is bound by Wor1 in its relatively long (8-kb) upstream
region. When tagged with GFP, Orf19.467 is observed readily in the
nucleus in opaque cells but is undetectable in white cells (Fig. 2A).
Overexpression of WOR3 Drives White-to-Opaque Switching. To determine whether ORF19.467 has a functional role in white–

We examined the effect of WOR3 overexpression in strains
deleted for other members of the circuit. Ectopic expression of
WOR3 could not drive switching to the opaque cell type when
WOR1, WOR2, or CZF1 was deleted. When EFG1 was deleted,
however, WOR3 ectopic overexpression strongly promoted switching to the opaque cell type (SI Appendix, Table S1). Based on
these results, Wor3 appears to be a “modulator” of switching,
somewhat reminiscent of Czf1 (22, 24); that is, Wor3 is not absolutely required for switching, but its expression has a large
effect on the rate of switching.
We next performed ChIP-chip on a myc-tagged Wor3 protein
expressed in opaque cells and found that Wor3 was localized to
87 intergenic regions upstream of 119 genes (Datasets S1 and
S2). Wor3 bound to its own upstream region and to the upstream
regions of WOR1, WOR2, EFG1, AHR1, and CZF1 (Fig. 3A),
indicating that it is centrally involved in the white–opaque
switch circuit.

Fig. 2. Ectopic overexpression of WOR3 drives switching to the opaque cell type. (A) Visualization of Wor3–GFP fusion protein in opaque cells. From left to
right, merged image, differential interference contrast microscopy (DIC), ﬂuorescence of GFP, staining by DAPI. (B) Ectopic overexpression of WOR3 in white
cells at 25 °C results in mass switching to the opaque cell type. (C) Wild-type and wor3 deletion white and opaque colonies. (D) Wild-type and wor3 deletion
white and opaque cells. (E) Opaque sectors, indicated with lines, are formed by a white colony derived from a wor3 deletion strain.
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Wor3 Regulates a Subset of the Opaque Cell Transcriptional Program.

Fig. 3. Chromatin immunoprecipitation and microarray analysis of Wor3. (A) Wor3 binds to the upstream regions of WOR1 (Left) and itself (Right). ChIP-chip
binding data shown for Wor3-myc (red) and myc control (pink); ORFs are represented as yellow boxes. Data were mapped and plotted using MochiView.
Binding enrichment (log2) is plotted on the y axis. The full ChIP-chip dataset for Wor3 is described in Dataset S2. (B) Transcriptional changes in a wor3 deletion
strain relative to the parent strain (top lane). All genes differentially regulated at least twofold upon deletion of WOR3 are shown. Opaque or white enrichment of the same genes in a wild-type background (middle lanes). Wor3 binding in vivo as determined by ChIP-chip is indicated in red in the bottom lane.
RNA-seq enrichment values are taken from Tuch et al. (16); all other data are from this study.

We next examined the transcriptional changes resulting from
the deletion of WOR3. Deletion of WOR3 had minimal transcriptional effects in white cells, exhibiting no changes in transcription greater than twofold. In opaque cells, however, deletion
of WOR3 resulted in 47 genes down-regulated and 78 genes upregulated at least twofold (Fig. 3B). Despite being dispensable
for the stability of the opaque cell type under these conditions,
Wor3 appears to play a role in the expression of a signiﬁcant
portion of the opaque cell transcriptional program.
Wor3 Is a Sequence-Speciﬁc DNA-Binding Protein. The enrichment
of Wor3 at speciﬁc locations across the genome in the ChIP-chip
binding data suggested the possibility that Wor3 binds directly to
DNA in a sequence-speciﬁc manner. To test this hypothesis, we
performed a microﬂuidics-based DNA experiment based on
mechanically induced trapping of molecular interactions (MITOMI
2.0) (25, 26). This technique examines the quantitative binding of

an in vitro transcribed and translated protein to a library containing all possible 8-mer DNA sequences (SI Appendix, Fig. S2
and Dataset S3). Full-length and two truncated versions of Wor3
exhibited clear sequence-speciﬁc DNA binding, with a strong
preference for a 5′-ATAACC-3′ sequence (Fig. 4A and SI Appendix, Figs. S3 and S4). To better characterize the binding of
Wor3 to DNA and to examine the effects of ﬂanking sequence,
we constructed a Wor3-speciﬁc library of oligonucleotides containing systematic substitutions of all possible nucleotides at
each position within this target site and directly and quantitatively
measured concentration-dependent binding by MITOMI 2.0 (26).
These experiments conﬁrm that the core sequence 5′-ATAACC-3′ is critical for Wor3 binding, and the experiment also
revealed preferences beyond the core sequence (Fig. 4 B and
C; SI Appendix, Fig. S5; and Dataset S4). We further veriﬁed that
Wor3 speciﬁcally recognizes this motif through a series of electrophoretic mobility shift assays (EMSAs) using puriﬁed, bacterially

Fig. 4. Wor3 DNA-binding preferences determined via microﬂuidic afﬁnity analysis (MITOMI 2.0). (A) Highest scoring 7- and 8-bp PSAMs from MITOMI 2.0
analysis of a truncated Wor3 construct (amino acids 204–457) binding to a pseudorandom 8-mer library. Each motif is represented as an AfﬁnityLogo, with the
relative height of each letter denoting the contribution to overall binding afﬁnity. (B) Measured binding afﬁnities (Ka) relative to the “consensus” site afﬁnity
(5′-TCATAACCAG) for systematic substitutions of alternate nucleotides at each position. Relative afﬁnities were determined via global ﬁts of measured
concentration-dependent binding to a single-site binding model. Values shown are the average of afﬁnities measured in two independent experiments; error
bars represent the SEM. (C) AfﬁnityLogo representation of the PSAM derived from the relative afﬁnities shown in B. (D) EMSAs using DNA fragments
containing the Wor3 motif or a mutated version of the motif were performed with the Wor3 204–457-aa truncation. From left to right, protein concentrations are 0, 0.5, 1, 2, 4, 8, and 16 nM.
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On the Origins of Wor3. We analyzed DNA binding further by
a series of bacterially produced deletion derivatives of Wor3 and
identiﬁed an 84-aa sequence (amino acids 243–326) that was
sufﬁcient for sequence-speciﬁc binding to DNA in vitro (SI Appendix, Fig. S7). The Wor3 family of proteins is deﬁned by a
single conserved region, ∼200 amino acids in size, which contains
this 84-aa sequence. Perhaps the most striking feature of this
region is the presence of 16 conserved cysteine residues, grouped
in eight “CxxC” motifs, where x is a variable residue. Three of
these eight CxxC motifs are within the 84-aa region sufﬁcient
for DNA binding. Clear homologs of Wor3, identiﬁable by this
200-aa conserved region, appear throughout the CTG clade as
well as in Cyberlindnera jadinii and Wickerhamomyces anomalus
(Fig. 5). (The CTG clade includes C. albicans as well as species
such as Candida tropicalis, Lodderomyces elongisporus, Debaryomyces hansenii, and Clavispora lusitaniae and is so named because, in all these species, the CTG codon is translated as serine
instead of leucine, as in the conventional genetic code.) We
could not identify Wor3 homologs in the Kluyveromyces lactis
or S. cerevisiae clades or in more distantly related species, such
as Yarrowia lipolytica. The most parsimonious explanation for
this arrangement is the emergence of Wor3 in the common
ancestor of C. albicans and S. cerevisiae, after the divergence
from Y. lipolytica, followed by its loss in the common ancestor
of S. cerevisiae and K. lactis, at a point after the divergence of
C. jadinii and W. anomalus (Fig. 5).
Extensive searches of the known protein databases indicate that
the Wor3 family has no detectable homology with any previously
studied protein or protein family (SI Appendix, Fig. S8 and SI
Materials and Methods). Searches of the protein data banks (30),
using the program HHpred (31), revealed only trivial matches
between the C. albicans Wor3 sequence and other protein families
(SI Appendix, Table S2). Although the top search hits found by
HHpred were statistically signiﬁcant—in that their P values were
less than 1e-4—these matches were based on the shared presence
of the amino acid motif CxxC (SI Appendix, Table S2). Further
searches of protein databases, using randomized sequences containing CxxC, revealed multiple instances of this motif in disparate
protein families that have different structures and are generally
accepted to be nonhomologous. This strongly suggests that
CxxC sequences arose convergently on multiple occasions
(Dataset S5). Although Wor3 shares CxxC motifs with other
protein families, the presence of the CxxC motif is not sufﬁcient
evidence for common ancestry. Taken together, these results
Lohse et al.

indicate that Wor3 represents a distinct protein family, one that
either arose de novo or diverged from another protein family to
such an extent that vestiges of its ancestry have vanished.
Discussion
White–opaque switching in C. albicans is orchestrated by a highly
interconnected transcriptional network. In this paper, we identify
an additional member of this regulatory network, which we have
named Wor3. Its ectopic expression induces the white-to-opaque
transition en masse, and its deletion affects the stability of the
opaque state at physiological temperatures.
In our view, the most signiﬁcant aspect of this work is the
ﬁnding that Wor3 represents a distinct family of sequencespeciﬁc DNA-binding proteins. From our analysis, we infer that
the Wor3 family of transcriptional regulators ﬁrst appeared ∼300
Mya (32), before the divergence of C. albicans and S. cerevisiae,
but after Y. lipolytica branched from other Ascomycete species.
Two competing hypotheses may explain its origins. According to
the ﬁrst, Wor3 evolved from an existing fungal domain or from
a horizontally transferred gene. Traces of such a relationship,
however, are not detectable above statistical noise, at least in the
current genome sequences. In contrast, other sequence-speciﬁc
DNA-binding protein families easily may be traced much further
back in evolutionary time. The second hypothesis is that Wor3
evolved de novo, perhaps from a previously untranslated DNA
sequence (33). This hypothesis is difﬁcult to test rigorously
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produced Wor3 and DNA sequences containing either this motif or
a mutated version of the motif. Wor3 binding to a DNA sequence
with the preferred motif occurred with a dissociation constant (Kd)
of ∼1–2 nM (Fig. 4D), consistent with its afﬁnity for DNA being
physiologically relevant. Furthermore, we observed that when expressed in Saccharomyces cerevisiae, C. albicans Wor3 can activate
transcription in vivo from a reporter construct that contains its C.
albicans cis-regulatory sequence (SI Appendix, Fig. S6 A and B).
To directly test the relevance of this motif in C. albicans in
vivo, we further processed the Wor3 ChIP-chip binding data
using MochiView (27) to identify 500-bp regions corresponding
to areas of maximum peak enrichment, as previously described
(28, 29). We then examined the ability of the MITOMI 2.0generated Wor3 motif to explain the set of 174 regions of peak
enrichment identiﬁed by ChIP-chip. Although the Wor3 motif
alone did a poor job of predicting this full set of Wor3 binding
regions (SI Appendix, Fig. S6C), there was a strong correlation
between Wor3 occupancy and a Wor3 motif plus bound Wor1
(SI Appendix, Fig. S6D). These results suggest that Wor3 binds
cooperatively to DNA with Wor1. Consistent with this idea, the
Wor1 and Wor3 ChIP proﬁles show strong overlap, with 68 of 87
(78%) of the Wor3 intergenic bound regions also bound by Wor1
(SI Appendix, Fig. S6E).

Fig. 5. Phylogenetic tree of 31 fungal species inferred from protein
sequences of 79 highly conserved genes. Species containing a Wor3 homolog
are indicated in black. Species lacking a Wor3 homolog are gray. The most
parsimonious evolutionary explanation for the distribution of WOR3 is indicated by the “WOR3 gain” and “WOR3 loss” labels. Glyphs indicate branch
support values as SH-like approximate-likelihood ratios: ×, <0.8; ■, 0.80−0.89;
▲, 0.90−0.99. Branches lacking glyphs have maximum support (= 1.0). Branch
lengths express substitutions per site.
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because there is no reasonable expectation that noncoding ancestral DNA would be preserved in modern species. Indeed, we
did not ﬁnd evidence of noncoding DNA resembling Wor3 in
any genome sequences available at the National Center for
Biotechnology Information (34).
Regardless of its evolutionary origins, Wor3 exempliﬁes
a distinctive family of sequence-speciﬁc DNA-binding proteins. Although the term “family” is used in many different
ways in biology, we use it here, in accordance with the Structural
Classiﬁcation of Proteins deﬁnition, to mean a group of proteins
with signiﬁcant amino acid sequence similarity (and, consequently,
a strong inference of homology) that does not show signiﬁcant
amino acid similarities to proteins outside the family (1). Does the
Wor3 family represent a 3D structure distinct from any of the known
structures of sequence-speciﬁc DNA binding proteins? Without
a Wor3 structure, we cannot answer this question deﬁnitively.
However, we have analyzed the Wor3 sequences using a wide
range of folding and modeling algorithms, and they have not
revealed any meaningful matches with known structures. As described above, our analysis also failed to reveal any ancestral relationship between Wor3 and any other protein family. Thus, Wor3
likely exempliﬁes a distinct protein family that binds DNA through
a structure distinct from those previously described for sequencespeciﬁc DNA-binding proteins.
Finally, the appearance of a distinctive family of sequencespeciﬁc proteins in relatively recent evolutionary history suggests that other evolutionary lineages likely contain newly
formed, unannotated transcriptional regulators. We propose that
the reliance on deep homology in enumerating and analyzing
transcriptional regulators may have inadvertently missed those
regulators most relevant to the emergence of new clades.

4000B scanner (Axon/Molecular Devices), and the data were extracted using
GenePix Pro version 5.1. The Cy3 and Cy5 values were normalized by global
Lowess normalization using the Goulphar script (36) for R (The R Foundation
for Statistical Computing), and transformations (i.e., white vs. opaque or
wild-type vs. deletion strain) were performed before the extraction of median differential expression values for each ORF. Differentially expressed
genes were identiﬁed using a twofold cutoff. Two biological replicates were
performed for each condition. Raw gene expression array data have been
deposited in the Gene Expression Omnibus (GEO), www.ncbi.nlm.nih.gov/
geo (accession no. GSE42134).
ChIP-chip. Chromatin immunoprecipitation was performed as previously
described (37). Brieﬂy, cultures were harvested during mid-log phase by
centrifugation and cell pellets were lysed by physical disruption with glass
beads. C-terminally myc-tagged Wor3 was immunoprecipitated with a
monoclonal anti-myc antibody, and the enriched DNA was ampliﬁed, dye
coupled, and hybridized against a genomic DNA input control on custom 1 ×
244K Agilent tiling microarrays (AMADID 016350). At least two biological
replicates were performed for each condition. Array scanning was performed using a GenePix 4000B scanner (Axon/Molecular Devices). The data
were extracted and processed as described by Nobile et al. (29), with the
following exception: minimum enrichment cutoffs for MochiView peak detection were set to 0.58 for the tagged arrays and 0.27 for the untagged
control arrays. Peak sizes were set to 500 bp. The identical peak-detection
settings were used to reanalyze the Wor1 ChIP-chip data previously published (22). Called peaks were ﬁltered by subtraction of likely artifactual
peaks, based on the fact that these loci showed variable but substantial
enrichment in many deletion (control) ChIP-chip experiments that were
performed with antibodies against a deleted target (SI Appendix, Table S6).
The list of bound target genes, with their associated Wor3 enrichment values, was generated by assigning the highest Wor3 ChIP enrichment value
from each bound intergenic region to the 5′ intergenic region of each ORF
using MochiView. Raw ChIP-chip data have been deposited in GEO, www.
ncbi.nlm.nih.gov/geo (accession no. GSE42837).

Materials and Methods
All methods are described brieﬂy below. For additional experimental details,
please see SI Appendix, SI Materials and Methods.
Growth Conditions. Unless otherwise noted, cells were grown at room temperature (25 °C) in synthetic complete media supplemented with 2% (vol/vol)
glucose and 100 μg/mL uridine (SD+aa+uri). To conﬁrm that homogenous cell
populations were present before microarrays and ChIP-chip experiments were
performed, white and opaque cell populations were assessed by microscopy.
Strain and Plasmid Construction. A list of strains, plasmids, and oligonucleotide sequences used in this study may be found in SI Appendix, Tables S3–S5.
Details of strain and plasmid construction may be found in SI Appendix, SI
Materials and Methods.
Switching Assays. Plate-based quantitative white–opaque switching assays
and ectopic expression assays using the pMET3 ectopic expression system
were performed as previously described (13, 22).
Temperature and Carbon Source Stability Assay. Strains were grown at room
temperature for 7 d on SD+aa+uri plates. White or opaque colonies were
streaked onto Spider media plates pretreated with 200 μL of 40% (mass/vol)
glucose or water. The Spider plates then were incubated for 2 d at 37 °C;
during this time, plates were kept in a cardboard box to minimize drying.
After 2 d, individual colonies were restreaked onto SD+aa+uri plates and
allowed to grow for 5–7 d, at which point colony morphology was scored. When
examining the stability of opaque strains, we sometimes observed isolated white
colonies in an otherwise opaque population. We considered a strain “stable” if
more than half the colonies that grew up on the restreaked plate were opaque. Two independent Wor3 deletion strains were used for this experiment.
Microarrays. Samples for gene expression microarray analysis were harvested
from mid-log phase cultures by centrifugation. Total RNA was extracted using
the RiboPure-Yeast RNA kit (Ambion). Reverse transcription and dye coupling
to Cy3 and Cy5 dyes were performed as previously described (35). White vs.
opaque (AHY135 vs. AHY136) and wild-type vs. mutant (AHY135 vs. AHY207
or AHY136 vs. AHY212) cDNA was competitively hybridized against a mixed
reference to custom Agilent 8 × 15K microarrays containing at least two
probes per ORF (AMADID #020166). Arrays were scanned using a GenePix
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MITOMI 2.0 Random Library Experiments. MITOMI 2.0 experiments for de novo
identiﬁcation of transcription factor-binding sites using a pseudorandom library
of DNA sequences were performed as described previously (25), with the following modiﬁcations. First, we used an improved pseudorandom 8-mer DNA
library based on a previously published algorithm (38) that included all possible
8-mer DNA sequences within 740 oligonucleotides (Dataset S3). Second, we
designed a smaller version of the microﬂuidic devices with 1,568 chambers
arrayed in 28 channels with 56 chambers per channel. Third, we made several
changes to the protocol for both mold and device fabrication (SI Appendix, SI
Materials and Methods). Finally, we printed two arrays per 2 × 3-inch SuperChip
epoxysilane glass slide (Thermo Fisher Scientiﬁc). Raw data from the three
MITOMI 2.0 experiments are presented in SI Appendix, Fig. S4. Position-speciﬁc
afﬁnity matrices (PSAMs) for selected versions of the Wor3 motif from different
MITOMI 2.0 experiments are included in Dataset S6.
MITOMI 2.0 Binding-Curve Experiments. Experiments assessing concentrationdependent binding to oligonucleotides containing systematic mutations of
candidate “consensus” transcription factor target sites were performed
largely as described previously (39), with ﬁnal concentrations of DNA (before
printing) set to be 10 μM, 6.7 μM, 4 μM, 3 μM, 2 μM, 1.3 μM, 0.9 μM, and
0.4 μM. Oligonucleotide sequences used for binding curves are listed in
SI Appendix, Table S5. Single-site binding model ﬁts shown are from globally
ﬁtting all binding curves simultaneously. Binding curves for both repeats of
this experiment are included in Dataset S4. The PSAM for the Wor3 motif
shown in Fig. 4C is included in Dataset S6.
Protein Puriﬁcation and EMSAs. Puriﬁcation of 6-His–tagged Wor3 truncation
constructs was performed using a previously reported protocol (28). Protein
expression was conducted in the BL21 background, and induction was with
0.4 mM isopropyl-β-D-thiogalactopyranoside (IPTG) for 4 h at 25 °C. In brief,
bacterial pellets were lysed and protein puriﬁed using Ni-NTA agarose
(Qiagen). Protein concentrations were determined by comparison with
known amounts of BSA on a Coomassie blue-stained SDS/PAGE gel.
EMSAs were performed as previously described (40) using 21-bp oligonucleotides containing the Wor3 motif or a mutated version of the motif. The Kd
determination buffer conditions [no poly(deoxyinosinic-deoxycytidylic)
acid, 50 mM NaCl] were used.
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Motif Comparisons. The ability of the Wor3 motif to explain binding sites
relative to the genome as a whole was determined using previously reported
methods (28, 29, 40). Full details of this process may be found in SI Appendix,
SI Materials and Methods.

nated and aligned using Clustal (44), and the tree was constructed using
PhyML with the BLOSUM62 model (45). Supports for branches were estimated using the Shimodaira–Hasegawa-like (SH-like) approximate likelihood ratio test (46) as implemented in PhyML. Full details on searches for
Wor3 homologs may be found in SI Appendix, SI Materials and Methods.

Fungal Phylogeny Development. To construct the phylogenetic tree of 31 yeast
species, we chose 79 orthologs present in a single copy in each species
according to two previous ortholog maps (41, 42). Sequences of W. anomalus
were obtained from the US Department of Energy Joint Genome Institute,
www.jgi.doe.gov (43). Protein sequences from each species were concate-
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Intergenic Region Overlap Comparison. Wor1 and Wor3 binding sets were
compared using MochiView v1.45 (27). Full details of this process may be
found in SI Appendix, SI Materials and Methods.

