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WOPR-domain proteins are found throughout the fungal kingdom
where they function as master regulators of cell morphology and
pathogenesis. Genetic and biochemical experiments previously
demonstrated that these proteins bind to specific DNA sequences
and thereby regulate transcription. However, their primary se-
quence showed no relationship to any known DNA-binding
domain, and the basis for their ability to recognize DNA sequences
remained unknown. Here, we describe the 2.6-Å crystal structure
of a WOPR domain in complex with its preferred DNA sequence.
The structure reveals that two highly conserved regions, separated
by an unconserved linker, form an interdigitated β-sheet that is
tilted into the major groove of DNA. Although the main interac-
tion surface is in the major groove, the highest-affinity interac-
tions occur in the minor groove, primarily through a deeply
penetrating arginine residue. The structure reveals a new, unan-
ticipated mechanism by which proteins can recognize specific
sequences of DNA.

fungal pathogenesis | transcription factor | transcriptional regulation |
protein–DNA interaction | Candida albicans

The WOPR family of transcriptional regulators [named for the
members Wor1 (white-opaque regulator 1), Pac2 (pat1

compensator 2), and Ryp1 (required for yeast phase growth 1)]
controls morphological changes and pathogenesis in a diverse
group of fungal species (Fig. 1A), including the human patho-
gens Candida albicans (1–3), Histoplasma capsulatum (4), and
Cryptococcus neoformans (5) and several plant pathogens (6–9).
In C. albicans, Wor1 controls the process of white–opaque
switching and mating (1–3), and it has a key role in promoting
commensalism (10). In H. capsulatum, it controls the transition
from the mycelia form (found in soil) and the yeast form (found
in infected human hosts) (4). Recently, a series of in vitro and in
vivo experiments demonstrated that the WOPR domain of Wor1
binds DNA in a sequence-specific fashion and defined the DNA
sequence recognized by it (Fig. 1B) (11, 12). Muc1 expressed in-
dependent of TEC1 1 (Mit1) from Saccharomyces cerevisiae,
a fourth WOPR-domain protein, and Ryp1 from H. capsulatum
have since been shown to recognize this same DNA sequence,
representing conservation of the WOPR domain–DNA sequence
interactions over a period of 600 million to 1.2 billion years (13).
Biochemical experiments indicated that the WOPR domain

binds DNA in an unusual way. The WOPR domain consists of
two regions conserved across many fungal species (referred to
here as “R1” and “R2”), separated by a poorly conserved
“linker” region of variable length (Fig. 1C). R1 is 80 aa in length,
R2 is 50 aa, and the linker ranges from less than 25 to more than
100 aa, depending on the species. The WOPR domain alone can
bind DNA tightly (∼5 nM) and specifically (11). Additional
experiments demonstrated that neither R1 nor R2 alone could
bind to DNA individually, but binding was observed—albeit at
lower affinity—when the two regions were expressed as separate
peptides and mixed in the presence of DNA. Two general
models of binding to DNA were consistent with this result: either

both regions form part of the interface with DNA, or only one
region contacts the DNA and the second region induces or sta-
bilizes a conformational change allowing the stable interaction
with DNA (11).
Although the WOPR domain was shown to bind DNA and

activate transcription (11), bioinformatic analyses have not pro-
duced matches between the WOPR family and any known family
of transcriptional regulators. Likewise, structural prediction algo-
rithms failed to map either conserved region to any published
structure. Given the lack of a suitable model for understanding
how the WOPR domain could recognize DNA, fundamental
questions remained about this family of transcriptional regu-
lators. By what mechanism do WOPR proteins recognize specific
sequences of DNA? Why are both the conserved regions needed
to bind DNA? Does the poorly conserved linker region serve only
to tether the two conserved regions together (increasing their ef-
fective concentration), or does it play some other role in DNA
binding? The lack of a structural model also prevented any
broader evaluation of whether the WOPR family evolved de novo
or is related to other, well-studied regulators.
Here, we use X-ray crystallography to solve the structure of

a WOPR protein–DNA complex. We show that the two con-
served regions are tightly bound to one another through an ex-
tensive interface of interdigitated β-strands, with the unconserved
linker looped out away from the DNA. Using site-directed mu-
tagenesis combined with biochemical experiments, we confirm
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and rationalize the importance of the individual protein–DNA
contacts observed in the structure and assess the role of linker
length in DNA-binding affinity. Although the individual parts
comprising the WOPR protein–DNA interface are reminiscent
of previously characterized DNA-binding domains, they are
combined in a unique way in the WOPR domain and comprise a
previously undescribed solution for recognizing specific DNA
sequences.

Results
Crystal Structure of the WOPR Family Member YHR177w. The crystal
structure of the DNA-binding domain of S. cerevisiae WOPR
protein YHR177w (a paralog of S. cerevisiae Mit1) in complex
with an optimized 19-bp DNA site was solved at 2.6-Å resolution
by multiwavelength anomalous diffraction (MAD) methods us-
ing a selenomethionine-substituted protein crystal (Table S1).
The protein fragment (containing YHR177w residues 6–201)

previously has been shown to bind DNA in a sequence-specific
manner (13). The quality of the electron-density maps allowed
the unambiguous placement of both water-mediated and direct
contacts between the YHR177w WOPR domain and the DNA.
The final structure contains the full oligonucleotide and 175
residues of the protein, lacking small portions of the linker re-
gion and the 11 C-terminal amino acids. We failed to produce
crystals from several other WOPR domains that contained lon-
ger linkers between the two highly conserved regions, and we
hypothesize that the diminished flexibility of the shorter linker in
YHR177w (28 aa) aided the crystallization.

Overall Fold of the YHR177w-DNA Complex. Consistent with pre-
vious biochemical studies, the WOPR domain binds B-form DNA
as a monomer (11). The core of the protein is a mixed α-helix
β-sheet structure with a central, six-stranded β-sheet composed
of discontinuous, antiparallel strands. These strands are contrib-
uted by both R1 and R2 (the two highly conserved regions) and
together form a β-sheet, the bottom edge of which is inserted in
the major groove (Fig. 2 A–C and Fig. S1 A and B). Given the
centrality of the β-sheet to the overall structure, R1 and R2
appear to form a single, interwoven globular domain rather than
two distinct subdomains as originally suggested by the primary
sequence (Fig. 2C).
Both the R1 and R2 conserved regions make specific contacts

with DNA. The amino acids most conserved across diverse species
are in contact with DNA and also form the β-sheet at the core of
the protein; the less-conserved residues are positioned on surfaces
not involved in DNA interactions (Fig. 2D). This observation
explains the preservation of WOPR–DNA binding specificity over
long periods of evolutionary time (13). The poorly conserved
linker between R1 and R2 extends away from the protein core
and DNA interfaces, representing an extended loop between two
of the β-strands forming the β-sheet. Despite the lack of con-
servation in this region, the linker region possesses a degree of
structural organization, forming several short, antiparallel β-strands
(Fig. 2C). The loop is pointed away from the DNA, and longer
loops would not be expected to contact the DNA.
The WOPR domain forms interactions with both the major

and minor grooves of DNA as well as the phosphate backbones
that flank the grooves. Fifteen WOPR residues form hydrogen
bonds with DNA; four of these bonds are base-specific inter-
actions, and the rest are to the phosphate backbone. Up to 33
residues interact with DNA, with a total buried surface area of
∼1,146 Å2 across a highly positively charged surface (Fig. S1C
and Table S2).

Minor-Groove Interactions. The conserved region of YHR177w
interacts with the minor groove through an extended loop running
parallel to the groove (Fig. 3A). Arg62, which extends from the
N terminus of this loop, is inserted directly into the minor groove,
where it forms multiple hydrogen bonds with the base of bT13
(DNA chain B, residue T13) and the phosphate backbone of bA15.
This loop continues from the minor groove, crosses the phosphate
backbone (which it contacts through a water-mediated aG9 posi-
tion), and joins the β-sheet in the major groove. Additional inter-
actions (Arg35–bA15, Lys41–bC16, and Asp38–bG17) stabilize this
loop and orient the main Arg62 interaction. Additional details of
the minor-groove interactions are described in SI Results, along
with biochemical experiments that verify the importance of indi-
vidual minor-groove contacts by measuring the affinities of a series
of mutant proteins (Fig. 4, Fig. S2, and Table S3).

Major-Groove Interactions. Moving C-terminally from the minor-
groove interactions, the protein makes a series of base-specific,
water-mediated, and backbone-mediated interactions in the ad-
jacent major groove. Both R1 and R2 contribute to the major-
groove DNA interactions (Figs. 3B and 4). A total of 17 residues
(e.g., Ser72, Leu79, and Tyr81) bury surface area at the protein–
DNA interface in or adjacent to the major groove. These resi-
dues, particularly Tyr81 through a water-mediated hydrogen bond,
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Fig. 1. Overview of the WOPR family of conserved fungal transcriptional
regulators. (A) Phylogenetic tree of species with experimentally character-
ized WOPR proteins. The tree is based on Wang et al. (35); branch lengths
are not drawn to scale. Experimentally characterized functions in each
species are indicated to the right (1–9, 13, 36–38). (B) Previously reported
position-specific weight and affinity matrices for the DNA sequence recog-
nized by Wor1 developed from ChIP-chip (Left) (12, 39) and microfluidic
affinity analysis (Right) (12). The DNA sequence used for the structural deter-
mination was TTAGAGTTTA. (C) Alignment of the 12 experimentally charac-
terized WOPR homologs from 10 fungal species. S. cerevisiae YHR177w is 453
aa long; the other proteins are drawn to scale. The green and light blue
boxes represent the conserved regions R1 and R2, respectively.
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appear to stabilize the position of the Arg62 loop as it extends
from the minor groove into the major groove.
The extreme C terminus of R2, chiefly Asn183 and Arg185,

also contributes to the binding, making additional, base-specific
hydrogen bonds with the bases of bT6 and bG5. Ser186, Asn187,
and Pro188 also form hydrogen bonds with the DNA backbone.

These sets of interactions further anchor the protein into the
major groove. To assess the relative importance of these pro-
tein–DNA interactions, we mutated the key amino acids and
measured the effects on protein–DNA affinity (Fig. 4, Fig. S2,
and Table S3). Taken as a whole, the results of the mutagenesis
studies indicate that, although both the major- and minor-groove
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Fig. 2. The structure of a WOPR domain bound to DNA. (A) Topology diagram showing the secondary structure composed of R1 (green) and R2 (blue). (B)
Overview of the structure of the WOPR domain with secondary structure elements colored as in A. (C) Both R1 and R2 contribute to the six-stranded β-sheet at
the core of the WOPR domain. β-hairpins from R1 and R2 are indicated. Secondary structure elements are colored as in A. The portion of the variable linker
region disordered in the structure is indicated by a dashed pink line. (D) A color plot of the conservation of residues in the WOPR domain generated using the
default settings in the program Consurf (31–33). Magenta represents the highest level of conservation; as shown, many of these residues contact DNA.

Fig. 3. Specific DNA-binding interactions. (A) R62
makes a bifurcated hydrogen bond with base bT13.
Additional hydrogen bonds are formed between
this residue and the DNA backbone (Table S2). R62
is positioned at the end of a long loop that wraps
around the DNA backbone into the major groove.
This loop ends with S72, which makes base-specific
hydrogen bonds to aG11 in the major groove. (B)
Close-up of major-groove interactions, highlighting
the base-specific interactions with S72, N183,
and R185.
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interfaces contribute to the WOPR domain’s affinity for DNA,
mutation of the residues interacting with the minor groove leads
to the largest decreases in binding affinity (Fig. 4 and Fig. S2B).

Role of the WOPR Linker. The poorly conserved linker between R1
and R2 ranges in size across species from less than 25 to more
than 100 aa, and we tested whether these differences in length
affected DNA-binding affinity in vitro. First we note that the
WOPR domains of YHR177w (linker length, 28 aa) and Wor1

(linker length, 113 aa) bind to the same DNA sequence with
approximately the same affinity (kd ∼2 nM and ∼3 nM, re-
spectively). To test the role of the linker length on protein–DNA
affinity more directly, we constructed a chimeric WOPR domain
in which the short linker of YHR177w was replaced with the
longer linker from Wor1 (Fig. 5A). As shown in Fig. 5B and
Table S3, the affinity for DNA did not change significantly.
Likewise, we shortened the linker in Wor1 by deleting 79 aa
(reducing the number to 34) and 91 aa (reducing the number to
22) and did not observe a significant change in DNA-binding
affinity (Fig. 5B and Table S3). These results demonstrate that
neither linker region length nor its precise amino acid sequence
have a major impact on the WOPR domain monomer binding to
DNA in vitro. This idea makes sense, because the structural
organization would allow the insertion of variable loops into a
compact, conserved core structure that binds DNA.
We next tested whether the linker is important for the function

of the protein in vivo. In the first set of experiments, we induced
Wor1 expression ectopically in C. albicans and monitored con-
version of the white cell type to the opaque cell type. White and
opaque cells differ in many features (including mating ability,
metabolic specialization, recognition by the innate immune sys-
tem, and preference for different niches in the host), and Wor1 is
the master regulator of this transition. In accordance with prior
work (1–3), ectopic expression of full-length Wor1 converts white
cells to opaque cells en mass (100%) (Fig. 6A, lines 3 and 4, and
Fig. 6B). When full-length Wor1 was replaced by a version with
a shortened linker (Δ104–196), the conversion of white cells to
opaque cells was reduced significantly (Fig. 6A, line 6, and Fig.
6B). In a second set of experiments, a test promoter controlled
by a Wor1 cis-regulatory sequence was monitored in S. cerevisiae.
Full-length Wor1 activated transcription from this construct ef-
ficiently, whereas two versions with shortened linkers showed
significant decreases (Fig. 6C). Taken together with the DNA-
binding experiments, the results show that changing the linker
length does not affect the intrinsic DNA binding of the WOPR
domain but does affect the function of the protein in vivo.
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Fig. 4. Summary of biochemical experiments that assess contributions of
individual amino acid side chains to binding affinity. The effects of WOPR
domain single-point mutants (all to alanine) on DNA-binding affinity were
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Comparison with Other Transcriptional Regulators and Possible
Evolutionary Origins of the WOPR Family. Although no significant
sequence similarity exists between the WOPR domain and any
known protein, a search of databases using the WOPR structure
revealed some structural similarities to other transcription regu-
lators (14). The highest-scoring match was to the glia cell
missing (GCM) family of transcriptional regulators from
metazoans (structure from Drosophila melanogaster, z-score
4.7). We also noted weaker matches to the NAC and WRKY
families of transcriptional regulators from plants (maximum z
scores of 3.9 and 3.5, respectively; both structures are from
Arabidopsis thaliana). All three of these families are charac-
terized by major-groove–interacting β-sheets with a secondary
topology reminiscent of that observed for YHR177w. This fea-
ture appears to drive the matches identified by DALI (14), be-
cause the remainder of the structures differ greatly (rmsd of 3.1
and only 8% sequence identity for GCM) (Fig. S3) (15–18). Given
the magnitude of these differences, it is clear that the WOPR
proteins represent a new family of sequence-specific DNA-
binding domains (19, 20).

Discussion
Understanding the WOPR Family. Here, we present what, to our
knowledge, is the first structure of the WOPR domain, a 175-aa
domain found in many fungal regulators of morphology and
pathogenesis, in complex with its preferred DNA sequence. Per-
haps the most unusual feature of the WOPR domain comes from
inspection of its amino acid sequence across all fungal species. It
contains two highly conserved regions of 80 and 50 aa, respec-
tively, connected by a linker that varies greatly in length and se-
quence from one species to the next. The structure reveals that the
two conserved regions are tightly bound to each other through a
β-sheet, with β-strands from one conserved region interdigitated
with those from the other. This composite β-sheet inserts into the
major groove at an angle, where it makes base-specific contacts.
However, the most important contacts with DNA are made by an
adjacent loop (contributed by R1), which is inserted into an es-
pecially narrow minor groove where it makes base-specific and
backbone contacts.
The variable-length linker extends in a loop outward from this

structure, and we show that neither its length nor its sequence
impacts DNA-binding affinity in vitro. However, the linker is
important for tethering the two conserved regions, because cutting
the linker reduced DNA-binding affinity significantly (11). Al-
though linker length and sequence are not important for DNA-
binding affinity in vitro, we show that the loop sequence does
affect the ability of WOPR proteins to drive transcriptional
programs properly in vivo. One hypothesis is that the linker,
through posttranslational modifications or interactions with ad-
ditional proteins, may modulate DNA binding. However, the
exact function of the linker in vivo remains to be determined.

Combining Common Features in an Uncommon Way. The individual
contacts between the WOPR domain and DNA have precedents
in other structural classes of DNA-binding proteins. For exam-
ple, a β-sheet in the major groove occurs in the GCM family (15),
and an arginine side chain in a narrow minor groove is seen
in the Hox family (21). However, no previously described DNA-
binding domain combines the various elements in the specific
manner seen in the WOPR domain. Moreover, the organization
of the WOPR domain—two interdigitated conserved regions con-
nected by an unconserved linker—further distinguishes the WOPR
domain from other DNA-binding structures. If the WOPR family
is ancestrally related to these other families, any evidence for such
a relationship at the primary sequence level has vanished.
The WOPR domain is found in virtually all fungal species and

thus has been conserved over approximately 1 billion years of
evolution. Even its DNA-binding specificity has not changed sig-
nificantly across species ranging from H. capsulatum to S. cerevisiae
and C. albicans, which span a large portion of the fungal kingdom
(estimated at 600 million to 1.2 billion years since divergence
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Fig. 6. Shortening the WOPR linker affects white-to-opaque switching and
transcriptional activation. (A) Frequency of white-to-opaque switching for
strains with different Wor1 ectopic overexpression constructs. Full-length
Wor1 (under control of an inducible pMET3 promoter) converts 100% of
white cells to opaque cells under conditions that activate the pMET3 pro-
moter. Replacing full-length Wor1 with a version missing a portion of the
linker results in only partial conversion, as shown by both the small number of
purely opaque colonies observed and the intermediate appearance of many
colonies, which are mixtures of white and opaque cells. (B) Light microscope
images of cells in the experiment in A. TheWor1 construct with the shortened
linker produces a range of intermediate colony types, with some made up
primarily of white cells (row 3, Center) and some with mixtures of white and
opaque cells (row 3, Right). (C) Activation of test promoters controlled by full-
length Wor1 and two versions of Wor1 missing part of the linker.
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from the last common ancestor). In nearly every species in which
they have been studied, WOPR-domain proteins regulate mor-
phological changes, and in fungal species that infect plants or
animals these proteins are required for pathogenesis. We can only
speculate why this might be the case. Perhaps, like the role of
MADS-domain proteins in plant development or the homeo-
domain proteins in animal development, WOPR-domain pro-
teins became associated with fungal morphology and aspects of
pathogenesis early in evolution. Although the detailed mor-
phologies and host preferences differ enormously among mod-
ern fungal species, we propose that these transcription regulators
remained master regulators of these two fundamental properties,
even though the genes they control have changed as modern
species radiated from their ancestors.

Materials and Methods
Plasmid and Strain Construction. Lists of plasmids, strains, and oligonucleo-
tides used in this study can be found in Table S4. Details of strain and plasmid
construction can be found in SI Materials and Methods.

EMSA. Full details of EMSAs can be found in SI Materials and Methods. In
brief, protein was purified for use in EMSAs as previously described (13).
EMSAs were performed as previously described (11, 13), except that NaCl
was reduced to 50 mM, and Poly(dIdC) was omitted. In all assays, 0.4 nM of
labeled DNA was used.

Protein Purification and Crystallization. Full details of the protein-purification
process for crystallization can be found in SI Materials and Methods. In brief,
YHR177 for crystallography was expressed for 20 h at 25 °C with 0.4 mM
isopropyl β-D-1-thiogalactopyranoside in the BL21 background. Protein was
purified on a Ni-NTA agarose column, followed by cleavage of the 8xHis tag
with PreCission Protease (GE Healthcare). Cleaved protein was purified on a
HiTrap SP FF column (GE Healthcare) followed by further purification over a
Superdex 200 10/300 GL column (GE Healthcare).

Crystallization was conducted in 24-well plates (Hampton Research), with
a drop size of 2 μL. Drops were a 1:1 mixture of protein/DNA stock and well
solution; two different well solutions were used. Crystallization of the pro-
tein/DNA1 mixture, used for the Seleno-Met YHR177 mutant (crystal form 1,
I 21 21 21) used 200 mM KCl, 22.5% (vol/vol) PEG MME 550, 50 mM Tris
(pH7.5), 5 mM spermine, 7.5% (vol/vol) ethylene glycol. Cryoprotection in-
volved a 3:7 mixture of 80% (vol/vol) ethylene glycol and well solution.
Crystallization of the protein/DNA2 mixture, used for the Native P 21 21 21
structure (crystal form 2), used 9 mM calcium chloride, 10 mM spermine, 50
mM sodium cacodylate (pH 7), 4.5% (vol/vol) isopropanol, 3.5% (vol/vol)
ethylene glycol. Cryoprotection involved a 4:6 mixture of 25% (vol/vol)
glucose/ethylene glycol and well solution.

Data Collection and Processing. Datasets were collected at the Advanced Light
Source beamline 8.3.1 as detailed in Table S1. The data were processed using

HKL2000 (22) and the automated procedures in Elves (23), which uses the
programs mosflm (24) and scala (25).

Phasing and Model Building. The model was built using data from a combi-
nation of two crystal forms, crystal form 1 (DNA1) in a body-centered, or-
thorhombic lattice and crystal form 2 (DNA2) in space group P212121. We
initially collected a three-wavelength MAD dataset on a selenomethionine-
containing crystal (DNA1, crystal form 1) and calculated the phases using the
program autoSHARP. With these data, we were able to produce a series of
maps at 2.8-Å resolution in which the DNA could be placed unambiguously,
but the protein density was very poor for the expected resolution and
appeared to have a large amount of internal disorder. In the initial structure,
we could see that Arg62 was bound in a TTT region at aT13; however in
DNA1 two stretches of TTT resulted from using the consensus cis-regulatory
sequence as determined in ChIP-Chip experiments (11, 12). We reasoned that
Arg62 could bind to the minor groove in two different orientations, thus
leading to statistical disorder in the crystal that could not be modeled. From
independent experiments with binding assays in vitro (11, 12), we knew one
of the instances of TTT could be mutated to TCT without compromising
binding. We thus created DNA2, which binds strongly to YHR177w and
crystallized in a different lattice. We used molecular replacement of our
partial model to solve the structure of this second crystal form. The resulting
maps allowed the unambiguous placement of all the residues in the protein
except amino acids 1–4, 91–97 (in the linker), 130–131 (in the loop in the R2
β-hairpin), and 192–202. Model bias was reduced by using the protein and
DNA alone to calculate independent difference maps as a guide to model
building. The model was built with the program Coot (26) and refined with
the Phenix suite (27) to a current Rfree of 23.5%. DNA analysis was performed
using the program suite 3DNA (28, 29). Model visualization and vacuum
electrostatic charge predictions were performed using the PyMOL Molecular
Graphics System, version 1.5.0.4 (Schrödinger, LLC). Fig. S1 shows examples
of the experimental and calculated density maps.

Structural Analysis and Bioinformatics. Protein–DNA interactions in the WOPR
structural model were identified using the PISA server (30), and comparisons
to published structures were conducted using the DALI server (14). Conser-
vation maps were generated using the ConSurf server (31–33). Minor groove
widths in Table S5 were calculated using the 3DNA suite of programs (28, 29,
34) and established criteria for a narrow minor groove (34).
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