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Abstract

Over evolutionary timescales, the logic and pattern of cell-type specific gene expression can remain constant, yet the molecular mechan-
isms underlying such regulation can drift between alternative forms. Here, we document a new example of this principle in the regulation
of the haploid-specific genes in a small clade of fungal species. For most ascomycete fungal species, transcription of these genes is re-
pressed in the a/a cell type by a heterodimer of two homeodomain proteins, Matal and Mata2. We show that in the species Lachancea
kluyveri, most of the haploid-specific genes are regulated in this way, but repression of one haploid-specific gene (GPA1) requires, in
addition to Mata1 and Mata2, a third regulatory protein, Mcm1. Model building, based on x-ray crystal structures of the three proteins,
rationalizes the requirement for all three proteins: no single pair of the proteins is optimally arranged, and we show that no single pair can
bring about repression. This case study exemplifies the idea that the energy of DNA binding can be “shared out” in different ways and
can result in different DNA-binding solutions across different genes—while maintaining the same overall pattern of gene expression.
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Introduction

Changes in transcription circuits over evolutionary timescales are
a major source of phenotypic novelty. Two major sources of tran-
scriptional plasticity have been well-documented: (1) changes in
the cis-regulatory sequences of a gene, which can directly alter
the pattern of expression of that gene (and indirectly affect the
expression of other genes) and (2) the formation (and breaking)
of cooperative interactions between different transcriptional reg-
ulators, which can directly affect the expression of many genes
simultaneously (Wray 2007; Lynch and Wagner 2008; Wittkopp
and Kalay 2012; Jarvela and Hinman 2015; Sorrells and Johnson
2015). Typically, the two types of changes are observed together
innew circuit architectures. Both types of changes can occur with-
out extensive pleiotropy; the former directly affects expression of
only the gene in which it occurs, and the latter—because it is often
due to the creation of a relatively weak protein—protein inter-
action in a part of the protein distinct from the DNA-binding do-
main—typically does not compromise the ancestral roles of the
protein (Carroll 2008; Stern and Orgogozo 2008; Baker et al. 2012;
Jarvela and Hinman 2015). In contrast, changes in the intrinsic
DNA-binding specificity of a conserved transcription regulator
over evolutionary timescales seem to occur much less frequently.
In the absence of gene duplication, such changes would likely
compromise the existing roles of the protein and would not be
maintained.

While some evolutionary changes in transcription lead to dra-
matic new phenotypes, other studies indicate that the mechan-
isms of regulation can apparently drift between different
molecular solutions while maintaining the same output (Baker

et al. 2012; Britton et al. 2020). Documenting these cases in detail
provides an opportunity to understand the molecular principles
behind transcription circuit plasticity. In this paper, we document
and explain a clear example of this type of plasticity in the regula-
tion of the mating genes in the ascomycete (yeast) lineage.

We concentrate on a group of genes known as the haploid-
specific genes, which are expressed in the two mating cell types
(a and «) but repressed in the third cell type, the a/a cell
(Fig. 1a). The a/a cell is the product of the mating of an a cell
and an a cell and itself is non-mating. The haploid-specific genes
code for proteins required for both a and a cells to mate; for ex-
ample, three genes code for the components of the trimeric G pro-
tein needed for pheromone signaling (Herskowitz 1989). Their
repression in the a/a cell therefore makes logical sense as their
gene products are not needed, and could even be detrimental, in
this cell type.

In many ascomycetes, the haploid-specific genes are repressed
directly by a heterodimer of two homeodomain proteins, Matal
and Mata2 (Strathern et al. 1981; Tsong et al. 2003; Galgoczy et al.
2004). Again, this logic makes conceptual sense: Matal is made
by a cells and Mata2 by a cells; only when the two proteins are
synthesized together in a/a cells (the result of mating) does the
heterodimer form and repress the haploid specific genes.

Although direct repression by the Matal-Mata? heterodimer is
highly logical and greatly appealing in its simplicity, there are excep-
tions to this mechanism. In Kluyveromyces lactis, the repression of the
haploid-specific genes is indirect: the Matal-Mata2 heterodimer re-
presses an activator of the haploid-specific genes but does not bind
these genes directly (Booth et al. 2010). And in Wickerhamomyces
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Fig. 1. Regulation of cell type in budding yeast. a) Three cell types in budding yeast; a and a cell types express the a-specific and the a-specific genes,

respectively, and both a and a cell types express the haploid specific genes. When a and a cells mate, the resulting a/a cell does not express these genes. b)
Regulation of a-specific genes and haploid-specific genes by Mato2 and its binding partners Matal and Mcm1 in yeast species. Haploid-specific genes are
directly regulated by the Matal-Mata2 heterodimer in S. cerevisiae and C. albicans and likely constitute the ancestral form of regulation (indicated by

circled A on the figure). On the branch leading to W. anomalus and S. cerevisiae, a protein—protein interaction gained between Mata2 and Mcm1 (circled B)
allowed for the addition of Mcm1 to haploid specific gene regulation in W. anomalus and a gain of Mata2-Mcm1 repression at the a-specific genes in the
lineage leading to S. cerevisiae (circled C). As proposed in this study, regulation of haploid specific genes in GPA1 in L. kluyveriis by tripartite Matal-Mata2—
Mcm1. This mechanism requires both the Mata2-Matal interactions (circled A) and the Mate2-Mcm1 interactions (circled B) to have previously formed
and, as described in the text, there is strong evidence for this sequence of events. The other conserved haploid-specific genes in L. kluyveri are regulated by

Matal-Mata?2 as in S. cerevisiae and C. albicans.

anomalus, the Matal-Mato2 heterodimer requires a third protein,
Mcml, to repress at least one of the haploid-specific genes (Britton
et al. 2020).

In this paper, we investigated regulation of the haploid-specific
genes in Lachancea kluyveri, a species that branched from S. cerevi-
siae well after the S. cerevisiae-W. anomalus branchpoint (Fig. 1b).
We were drawn to this species because bioinformatic analyses in-
dicated that one of the haploid-specific genes (GPA1, which codes
for the alpha subunit of the trimeric G protein) appeared to lack a
conventional Matal-Mata? heterodimer binding site, whereas
other haploid genes in this species (and in many other species)
clearly displayed this signature motif (Booth et al. 2010). In this pa-
per, we show that the L. kluyveri GPA1 is not regulated in the con-
ventional, deeply-conserved manner but is repressed in the a/a
cell by three proteins working together, Matal, Mato2, and
Mcm1. In this three-part regulatory complex, we show that any

pair of proteins is not sufficient to bring about repression due to
the non-optimal arrangement of their cis-regulatory sequences,
resulting in the requirement for all three proteins. Mcm1 is pro-
duced in all three cell types, so the logic of regulation is preserved:
repression occurs only in the a/a cell type, despite the idiosyncrat-
ic arrangement of proteins on DNA. We discuss possible evolu-
tionary pathways that could have led to this non-canonical
mechanism of regulation.

Methods

Reporter constructs

Reporter constructs were made using TS185, a plasmid containing
a hygromycin resistance cassette previously used to stably inte-
grate a GFP transcriptional reporter at the URA3 locus in L. kluyveri
(Sorrells et al. 2015). The plasmid included restriction sites for
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Agel and BsiWI allowing for insertion of control sequences to test
their effect on gene expression. Custom Geneblocks (Integrated
DNA Technologies, gBlocks Gene Fragments) were designed with
500 base pairs upstream of the GPA1 transcriptional start site
and mutant versions as described in Fig. 3 (Supplementary File
1). These include a wild type GPA1 upstream sequence, and
GPA1 upstream sequences where the motifs for Matal, Mata2,
and Mcm1 are individually scrambled. Scrambled sites contained
as many changes in the site as possible, while maintaining overall
GC content. A sequence with all three of the motifs scrambled was
also constructed, and a gg—cc point mutation in conserved resi-
dues of the putative Mcm1 site was also included.

Constructs were made by restriction cloning. The TS185 vector
and gene blocks were digested with Agel and BsiWI-HF and
ligated with the Fast-Link DNA Ligation Kit (Lucigen
MBTOOL-010) and transformed into Stellar Competent Cells
(Takara 636763).

Strain construction

Construct plasmid DNA was linearized by NotI-HF and EcoRV-HF
digest to prepare for transformation into yeast. L. kluyveri a cells
were transformed by electroporation (Faber et al. 1994; Gojkovic
et al. 2000) with the following modification: after electroporation
cells were collected in (Faber et al. 1994; Gojkovic et al. 2000)
1mL yeast extract-peptone-dextrose (YPED) and plated to non-
selective YPED plates to develop into a lawn overnight at 30°C.
The next day, cells were replica plated to 400ug/mL
Hygromycin YPED plates and grown overnight at 30°C. Colonies
that arose after 24 hours were patched to SC-ura and YPED
5-FOA plates (0.8 mg/mL 5-FOA in YPD agar) for a second round
of selection. Isolates that were Ura- and Hygromycin resistant
were grown overnight in 2mL of YPED for DNA extraction
(Hoffman and Winston 1987). Cells were spun down, resuspended
in 200 pL lysis buffer (2% v/v Triton X-100 1% v/v SDS 100 mM
NaCl 10 mM Tris-Cl pH 8.0 1mM EDTA pH 8.0), 200 uL phenol
chloroform pHS8 (Fisher Scientific 68-051-00ML). Two hundred
microliter 0.5 mm glass beads (BioSpec Products 11079105) were
added, and samples were lysed for 5 min in a benchtop vortexer.
Lysed cells were then centrifuged at 18407 rcf for 2 min. 200 uL
of the supernatant was taken out and precipitated in 1 mL of etha-
nol. Using the isolated DNA, strain construction was confirmed by
PCR of upstream and downstream flanks of the insertion at the
URA3 locus and lack of the URA3 open-reading frame. Three inde-
pendent transformants were validated for each construct.

The three isolates of each validated a strain were mated to L.
kluyveri a cells (LB76) by mixing and spotting roughly equal
amounts of cells from fresh colonies of each cell type onto a fresh
YPED plate. After allowing the cells to mate for 3 hours at 30°C, the
spotted cells were plated for single colonies on YPED. Single col-
onies were patched onto SC-ura plates, YPED 5-FOA plates, and
YPED Hyg plates. Isolates that were Ura+ and Hyg+ were validated
as diploid a/a cells by PCR checks for both the MATa and MATa lo-
cus using extracted gDNA. One a/a strain per a isolate was vali-
dated and saved, so that each independent transformant would
have a matched a/u strain.

The tagged Mato2 a/a strain, FDy18, used in the chromatin im-
munoprecipitation experiment (see below) was generated from an
existing strain used in a previous study (yLB96) which had a c-ter-
minal 13x Myc-tag on the endogenous Mato2 in an a cell (Baker
et al. 2012). This strain was mated with a naive strain (LBy76) of
the a cell type as described above to generate the c-terminally
Myc-tagged Mata?2 strain in the a/a. The untagged strain, FDy22,
was generated from mating yLB76 and yLB77, the prototrophic a

and o strains. All strains used in this study are listed in
Supplementary Table 1.

RNA-Seq

Cultures were inoculated from single colonies and grown over-
night in YPED at 30°C, diluted back to an OD600 of 0.15 in the
morning and harvested at an OD600 of 0.6-0.9 as is described
(Nocedal et al. 2017). Three replicates of yLB76 (a cell) and yLB77
(o cell) were generated from individual single colonies grown
from the same streak. Three replicates from FDy22 (a/a cell)
were from three independently mated isolates. RNA was ex-
tracted using the RiboPure RNA purification kit (ThermoFisher
AM1924). Total RNA quality was verified on an Agilent
Tapestation. Total RNA was poly-A selected with the NEBNext
Poly(A) mRNA Magnetic Isolation Module (NEB E7490S). cDNA
synthesis and library preparation was carried out with the
NEBNext Ultra II Directional RNA Library Prep kit for Illumina
(NEB E7760L). Quality and concentration of libraries were deter-
mined with an Agilent Tapestation. Libraries were pooled in equi-
molar amounts and sequenced using single end 65 base pair reads
on an Illumina HiSeq 4000.

RNA-Seq analysis

Quality of sequencing reads was determined using FastQC
(Andrews 2010). Filtering based on quality and trimming of reads
was carried out using FastP (Chen et al. 2018). (Consortium et al.
2009; Shen et al. 2018) Trimmed reads were aligned to the
Lachancea kluyveri NRRL Y-12651 (Consortium et al. 2009; Shen
etal. 2018) reference genome using STAR (Dobin et al. 2013). A table
with counts assigned to genes was generated from the alignments
using Rsubread (Chisanga et al. 2022). This count table was then
used to determine differentially expressed genes using DESeq2
(Love et al. 2014). DESeq2 was run with default parameters, result-
ing in a list of genes that were differentially expressed in yLB76
(a cell) or yLB77 (o cell) when compared to FDy22 (a/a cell)
(Supplementary File 2-3). Genes with an adjusted P<0.1in the a
cells vs a/a cells and the a cells vs a/u cells were plotted against
each other in GraphPad Prism. Genes up-regulated greater than
a log,(fold-change) of 2 and an adjusted P < 0.1 in both differential
expression comparisons (a vs a/a and a vs a/a) were interpreted as
significantly enriched for expression in the haploid cell types.

Chipseq

Chromatin immunoprecipitation was carried out as previously de-
scribed (Sorrells et al. 2015; Nocedal et al. 2017) using a myc-tagged
Mate2 a/a strain (FDy18), a myc-tagged Mato2 a strain (yLB77), a
myc-tagged Mato? o strain (yLB96), and an untagged strain
(FDy22), with the following modifications. Cells were lysed by bead
beating using 0.5 mm Zirconia beads in the Omni Bead Ruptor 12
using three 90 s cycles, alternated with 90 s of cooling samples on
ice. The isolated chromatin was sheared by sonication in a
Diagenode Bioruptor Pico cycling 30s on, 30s off, for 25 min.
Immunoprecipitation was carried out using Invitrogen Anti-c-Myc
Monoclonal  (9E10.3) Antibody (ThermoFisher AHO0062).
Sepharose Protein G beads were replaced with 30 uL of Dynabeads
(ThermoFisher 10004D).

Libraries were prepared with the NEBNext Ultra I DNA Library
Prep Kit for Illumina (NEB E7645L). Individual library quality and
concentration were assessed by Agilent Tapestation. Libraries
were pooled in equimolar amounts for single end 65 base pair
reads using an Illumina Hiseq4000 at the UCSF Center for
Advanced Technology.
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Fig. 2. Haploid-specific regulation in L. kluyveri. a) RNAseq results from an a cell, o cell, and a/a cell in L. kluyveri. Genes expressed at higher levels in both
the aand arelative to the a/o are (log,(fold change) > 2 and P < 0.1) defined as haploid specific genes in L. kluyveri. Inset panel shows the expression pattern
of the conserved haploid-specific genes GPA1, RME1, FAR1, STE4, STE18, and STES5. b) Chromatin immunoprecipitation of a C-terminal myc-tagged Mata2
in an o cell shows significant enrichment at the promoter of GPA1. Results with the tagged strain are shown in black compared to the matched untagged
strain in grey. c) Bioinformatic search for the conventional Matal-Mata2 motif in upstream regions of GPA1, RME1, FAR1, STE4, STE18, and STES in S.
cerevisiae, W. anomalus, L. kluyveri, and C. albicans. L. kluyveri GPA1 upstream region lacks a high scoring Matal-Mato2 site, while the other five hsgs all have
high scoring Matal-Mata2 sites. Site score is log;, of the reported g-value. d) Schematic of predicted Mcm1, Mato2, and Matal sites found in the L. kluyveri
GPA1 control region. The Mcm1 motif is indicated in blue, Mata2 motif in green, and Matal motif in orange. Bases identical to those in the corresponding
S. cerevisiae motifs are bolded. e) Conventional al-a2 sequence found upstream of S. cerevisiae GPA1 (top) and the pMcm1-al-a2 sequence found upstream
of L. kluyveri GPA1 (bottom). The Mcm1 motif is indicated in blue, Mata2 motif in green, and Matal motif in orange. Bases identical to those in the
corresponding S. cerevisiae motifs are bolded. Arrows below the bases, which represent the points of contact for al or a2 on double stranded DNA, are
drawn 3'-5’ to indicate that the relative orientation of the al and a2 sites is “backward” in the three-part sequence when compared to the orientation in

the conventional sequence.

Chipseq analysis

Reads were trimmed and aligned as described above for the
RNAseq. BAM files were processed using DeepTools (Ramirez
et al. 2016) and Samtools (Danecek et al. 2021) and uploaded
to the Integrated Genomics Viewer (Robinson et al. 2011) and
the Integrated Genome Browser (Freese et al. 2016) for visual
inspection of data. Visual inspection included comparison to
data tracks for the myc-Mata2 tagged a strain (yLB77) or the
myc-Mate2 tagged o strain (yLB96). Peaks found in either
tagged a or a strain were removed from consideration, result-
ing in a set of peaks unique to the a/a cell. Data was pro-
cessed with MACS2 (Gaspar 2018) with default settings
except for those regarding duplicates (Gaspar 2018). Instead
of removing all duplicate reads, the MACS2 function for keep-
ing biologically relevant duplicates was used, an adjustment
recommended for transcription factors with few targets in
samples with high read depth.

gRT-PCR of transcription reporter

Single colonies from three independent genetic isolates of each of
the 12 reporter strains (FDy27, FDy28, FDy30, FDy31, FDy32,
FDy33, FDy34, FDy35, FDy36, FDy37, FDy38, FDy39, see above for

strain construction) were inoculated in YPED and grown overnight
at 30°C, then diluted back to an OD600 of 0.1 the following morning.
Outgrowth cultures were harvested between an OD600 of 0.7-0.9,
flash frozen in liquid nitrogen and stored at —80°C. RNA was
extracted from frozen cell pellets using the MasterPure-
Yeast-RNA Extraction Kit (Lucigen MasterPure Yeast RNA
Purification Kit MPY03100) with one modification. After the isopro-
panol precipitation, RNA was treated with TURBO DNA-free kit
(ThermoFisher AM1907). The isolated RNA was reverse transcribed
with the Superscript III Reverse transcriptase kit (ThermoFisher
18080044) using 250 ng of random primers. gqRT-PCR was carried
out using 2x iTaq Universal SYBR Green Supermix (Bio-Rad
1725124) and a Bio-rad CFX96 Real-Time PCR to measure cDNA
amplification. gPCR probes against GFP were designed using the
NCBI Primer-BLAST tool (Ye et al. 2012). Previously verified probes
for ACT1, a housekeeping gene between cell types in L. kluyveri,
were used in this study (Booth et al. 2010). Ct values were calculated
with CFX Maestro software (Bio-rad 12004128). GFP expression was
normalized to ACT1 and to overall expression of all samples.
Expression from constructs with the various site mutants was com-
pared to expression from the construct with the wild type sequence
to calculate fold repression.
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Fig. 3. Tripartite regulation of GPA1. a) In these constructs, the upstream region of GPA1 drives expression of GFP. Wild type (top line) and mutated GPA1
control sequences are shown. In the wild type sequences, the Mcm1 motif is indicated in blue, Mata2 motif in green, and Matal motif in orange. Mutated
basesin the GPA1 control sequences are indicated in red. Bases identical to those in the corresponding S. cerevisiae motifs are bolded. b) Expression of GFP
reporter transcript in L. kluyveri in a and a/a cells Expression was measured by gPCR with probes to GFP transcript normalized to ACT1. The results show
the average of three independent genetic isolates for constructs 1 and 3-6, and two independent genetic isolates for construct 2. Each genetic isolate was
measured twice in independent biological replicates with standard deviations shown. The right-most column (fold derepression) are the ratios of mutant
construct expressions compared to the wild type construct, all in a/a cells. These numbers are scaled to different levels of expression in the a cell.

Modeling Mcm1, Matal, and Mate2 as a complex
bound to DNA

Using ChimeraX (Goddard et al. 2018; Pettersen et al. 2021), the
structure for Mcm1 and Mate2 bound to DNA (1YRN) (Li et al.
1995) and the structure Matal and Mata2 bound to DNA (IMNM)
(Tan and Richmond 1998), retrieved from the Protein Data Bank
(Berman et al. 2000), were overlayed to reflect the spacing and
orientation of the three sites as observed in the tripartite site.
Using the “move model” and “rotate model tools”, the Matal-
Mata? structure (1YRN) was rotated and moved relative to
1IMNM (the structure of Mcm1 and Mate2), arranging the two
such that the DNA in the two structures aligned. Conserved
DNA residues with key protein contacts for Mata2 were six base
pairs away from the conserved DNA residues with key protein

contacts for Matal. Proteins were docked to their binding sites
on the DNA,; this resulted in the arrangement of Mcm1-Mata2-
Matal proteins along the overlapped DNA, with Matal on the op-
posite site of Mata2 (compared with 1YRN) (Supplementary File 4).

Measuring the distance spanned by Matae2
C-terminal linker

Using the “tape” tool in ChimeraX (Goddard et al. 2018; Pettersen
et al. 2021), the distance was measured from the C-terminal resi-
due of the third a-helix (a3) in Mate2 (IMNM #2/C Thr 189) and
the N-terminal residue of the fourth a-helix (04) Mato2 that inter-
acts with Matal (1YRN #1/B Pro194). This distance, calculated by
drawing a straight line between the two residues, is the minimum
distance that the flexible linker region of Mata2 needs to span. To
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compare the distance spanned by the linker in the existing struc-
ture (1YRN) to the distance spanned by the linker in the model, the
distance between the corresponding residues on Mata? on the
1YRN structure (1 YRN #1/B Thr 191 and 1 YRN #1/B Pro194)
were also measured on 1YRN using the same approach. The ex-
tended length of the amino acid linker was calculated by multiply-
ing the number of amino acids by the average length per amino
acid as empirically determined (Ainavarapu et al. 2007).

Generating position specific scoring matrices of
DNA binding motifs

Matal-Mata2 motif: The 1000 bp upstream regions of the 12 hap-
loid specific genes in S. cerevisae were extracted using the SGD
Sequence Resources Tool (Cherry et al. 2012; Engel et al. 2013).
These were input into MEME with default settings to generate a
Matal-Mata2 motif (Supplementary File 5) (Bailey et al. 2015).

Matal-Mata2-Mcm1 motif: Sequences in the L. kluyveri genome
in which ChIP signal was enriched were extracted using the
Integrated Genomics Viewer, and inputted into MEME to generate
de novo motifs (Bailey et al. 2015; Robinson et al. 2011). This se-
quence was then refined using the S. cerevisiae motifs to generate
a synthetic position specific weight matrix for the tripartite
Matal-Mata2-Mcm1 site in L. kluyveri. This consisted of flipping
the orientation of the Mata2 motif relative to the Matal motif—
so that the relative orientation and spacing of the two motifs
matches that of the tripartite site upstream of GPAI in L.
kluyveri—and adding an S. cerevisiae Mcm1 motif downloaded
from the Jaspar database (Castro-Mondragon et al. 2021), setting
the spacing to match the tripartite site in L. kluyveri
(Supplementary File 6).

Bioinformatics search for binding sites upstream
of haploid specific genes

We identified orthologs across budding yeasts for the haploid spe-
cific genes, GPA1, RME1, FAR1, STE4, STE18, and STES5, by mining
data made available by the 1000 yeast genomes project (Shen
etal. 2018) (Supplementary File 7-12). For each identified ortholog,
we used its coordinates and direction (positive or negative strand)
to append an entry of 1000 bp upstream of the gene of interest in
its respective genome into a fasta file named after the gene of
interest (Supplementary File 13-18). We applied FIMO (Grant
et al. 2011) to search for the respective motifs specified in the
text, figures, and visualized in Fig. 5 with default options and a
statistical threshold (P-values) of 1x 1072, The data were visua-
lized by concatenating the highest scoring -log;o(q-value), from
each independent FIMO search. The resultant high scoring hits
were visualized in a heatmap, where orthologs are sorted by their
phylogenetic orientation as previously determined (Shen et al.
2018).

Results

Regulation of the haploid specific genes in
Lachancea kluyveri

We first identified the haploid-specific genes in L. kluyveri by com-
paring gene expression across the three cell types: a, o, and a/a
(Fig. 1a). Haploid-specific genes are defined here as genes that
are expressed in a and a cells but not in a/a cells. By RNA-seq,
we identified 30 haploid-specific genes, including those encoding
the three subunits of the trimeric G protein that mediates phero-
mone response (GPA1, STE4, STE18), the cyclin dependent kinase
inhibitor (FAR1) that triggers cell cycle arrest as part of the mating
response and RME1, a transcription regulator with a variety of

functions (Fig. 2a, Supplementary Table 2) (Herskowitz 1989).
These five genes are haploid specific genes in many other fungal
species, indicating a deeply conserved expression pattern, and
these are the genes we concentrate on for the remainder of the pa-
per (Herskowitz 1989; Booth et al. 2010; Britton et al. 2020).

As discussed in the introduction, the haploid-specific genes in
many species are repressed by direct binding of the Matal-
Mata2 heterodimer, both subunits of which are synthesized only
in the a/u cell (Strathern et al. 1981; Galgoczy et al. 2004). To test
whether this is the case in L. kluyveri, we performed a chromatin
immunoprecipitation using tagged Mata? in the a/a cell (Fig. 2b,
Supplementary Fig. 1, Supplementary Table 3). We identified se-
ven high-confidence peaks including those spanning the up-
stream regions of GPA1, STE4, STE18, FAR1, and RME1 (Fig. 2b
and Supplementary Fig. 1, Supplementary Table 3). A bioinfor-
matic search found conventional Matal-Mata2 motifs upstream
of only four of these genes (Fig. 2¢; Supplementary Fig. 2a). The ex-
ception was GPA1 where the motif appeared to be missing—even
though GPA1 exhibited clear haploid specific gene expression and
an obvious Mata2 ChIP signal (Fig. 2, a and b, c). This apparent
paradox led us to manually examine the DNA sequence under
the Mata2 ChIP peak. We identified a Mata2 DNA sequence motif
and a Matal motif, but the orientation of the Mata2 motif was
“backwards” relative to the Matal motif, and the spacing between
the two motifs was three base pairs shorter than that of the con-
ventional heterodimer site (Fig. 2e, Supplementary Fig. 2). These
differences explain the failure of a position-weighted motif
searching algorithm (based on the conserved heterodimer site)
to highlight this site (Fig. 2c). We also identified an adjacent, two-
fold symmetric motif for Mcm1, a protein known to interact with
Mata?2 for a different role in the cell, repression of the a-specific
genes in a cells (Fig. 2d; Supplementary Fig. 2¢). Thus, it appeared
as though three proteins (and three sequence motifs) were re-
quired to repress GPAI in L. kluyveri, while the other haploid-
specific genes in this species contained all the hallmarks of regu-
lation by the conventional Matal-Mata2 heterodimer.

Testing the three-site hypothesis

To test this model of tripartite regulation of GPA1 in L. kluyveri, we
mutated each of the three sites and measured the effects on re-
pression. To avoid disturbing regulation of the endogenous GPA1
gene (which could have consequences such as cell-cycle arrest),
we created reporter constructs with the sequence upstream of
GPA1 driving the expression of GFP, which we integrated into
the genome (Fig. 3a). To capture the full dynamic range of regula-
tion, we used gPCR, rather than fluorescence (which has a rela-
tively high background), to directly measure transcript levels.
Mutations to the three-part site included independently scram-
bling each of the three motifs and scrambling all three sites at
once. In addition, we constructed a double point mutation in the
Mcm1 motif, a change known to destroy binding of Mcm1 to
DNA. We know from the expression data in the three cell types
that both Matal and Mata2 proteins are required for repression
of GPA1 (Fig. 2a, Supplementary Table 2). We could not test
Mcm1in a similar way because it is essential; however, the double
point mutation in the Mcm1 binding motif is more specific to
Mcm1 than is a scrambled site and thus links the protein to the
site.

All of these manipulations disrupted repression, showing that
all three sites are needed for proper regulation (Fig. 3b). In con-
trast, expression in the a cell is relatively unaffected, so it is un-
likely that the tripartite motif plays a major role in the
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(a)

(b)

Fig. 4. Proposed arrangement of Mcm1, Mata2, and Matal on the L. kluyveri GPA control region. a) Crystal structure of the DNA-binding domains of S.
cerevisiae Matal-Mata2 bound to DNA as previously determined by x-ray crystallography, with Matal in orange and Mato2 in green. The third helix of the
DNA binding domain of Mata2 is labeled a3 and the C-terminal helix that forms upon interaction with Mata1 is labeled o4. The minimum distance
between a3 and a4 (indicated by the red dashed line) is ~14 A. This distance is spanned by an extended linker region of four amino acids. b) Crystal
structure of Mcm1-Mate2 bound to DNA in S. cerevisiae with the proposed arrangement of Mata2 in the “backward” orientation with respect to Matal.
Matal is depicted in orange, Mato2 in green, and Mcm1 in blue. As in (a), the third helix of the DNA binding domain of Mata?2 is labeled 3. One question
addressed by this modeling is whether the o4 helix from Mata2 (transparent green) can reach the interaction surface of Matal as it does in the Matal-
Mata?2 structure (a). For Mata2 to interact with Mata1 in this model, the flexible linker region of 4 amino acids on Mata2 must span ~7A. The 4-amino acid
linker measures ~15-16A when extended [as depicted in (a)], and the known structures are therefore consistent with the model.

activation of GPA1; rather, it seems to be dedicated solely to re-
pressing the gene in a/a cells.

How are the three proteins arranged on the GPA1
upstream region in L. kluyveri?

Having demonstrated that all three motifs are needed for repres-
sion of GPA1 in a/a cells, we next considered how the three pro-
teins might be arranged on this control region and whether this
arrangement provided insights into this mode of regulation. As
discussed above, the motif corresponding to Mata2 lies between
the motifs corresponding to Matal and Mcml (Fig. 2d).
Superposition of the preferred motif for each protein onto the
three-part site therefore strongly indicated that Mata2 was lo-
cated between Mcm1 and Matal (Fig. 4, Supplementary Fig. 2).
When positioned on DNA using matches with their individual mo-
tifs, the spacing between Mcm1 and Mata?2 is exactly the same as it
is when the two proteins interact to repress the a-specific genes
(Fig. 2d, Supplementary Fig. 2). It therefore seems very likely
that the same arrangement of Mcm1 and Mate? (which allows a
favorable protein—protein interaction between the two proteins)
occurs on both the a-specific genes (observed in many species)
and on the haploid-specific gene GPA1 in L. kluyveri. Regarding
Matal, inspection of the sequence showed a strong match to its
motif. However, when all three proteins are placed on DNA to
match their motifs, Mate? is positioned “correctly” to interact
with Mcm1, but is forced into a “backwards” orientation relative
to Matal, when compared with the conventional, heterodimer ar-
rangement (Supplementary Fig. 2). This change in orientation is

accompanied by a change in the distance between the Mata?2
motif and the Matal motif; it is shorter by three base pairs in
the GPA1 site than in the conventional motif (Fig. 2d;
Supplementary Fig. 2).

To investigate this model further (in particular to determine if
there are any steric clashes), we used the solved crystal structures
of S. cerevisiae Mcm1-Mata2 bound to DNA and S. cerevisiae Matal-
Mata2 bound to DNA to model the tripartite complex on DNA
(Wolberger et al. 1991; Li et al. 1995) (Fig. 4). All three proteins are
spatially well accommodated on their preferred motif, with the
only remaining question being how Matal and Mata2 might inter-
acton the GPA1 control region, given the differences in orientation
and spacing from the conventional heterodimer site. In S. cerevi-
siae, Mata2 interacts with Matal through a short alpha helix at
the end of a flexible region; the helix forms only when the two pro-
teins interact. Comparison of the S. cerevisiaze Mata2-Matal het-
erodimer structure to Matal and Mata2 as positioned on the
GPA1 site in the tripartite complex suggests that the short alpha
helix of Mata2 can easily reach the same position of Matal, indi-
cating that, despite the spacing and orientation differences, the
two proteins may interact with each other through the same inter-
face (Fig. 4). However, there must be a severe energetic cost to this
altered, non-optimal configuration: when the GPA1 Matal-Matae?2
site is tested alone (that is, when the Mcm1 motif is mutated) re-
pression by Matal and Mata2 is deficient (Fig. 3b). In contrast,
the conventional Matal-Matea?2 motifs at the other haploid-
specific genes in L. kluyveri (where the arrangement of sites is op-
timal) do not contain an Mcm1 motif.
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Fig. 5. Distribution of haploid-specific gene control motifs. a) Position-specific weight matrices used in the bioinformatics motif searches of the conserved
haploid-specific genes across species. Top, the motif for the Matal-Mata2 derived from S. cerevisiae; bottom, motif generated and refined by combining the
position specific weight matrix of each individual site in the orientation of the Mcm1-al-a2 site found upstream of L. kluyveri GPA1. b) Legend for colors
used to indicate different clades across the yeast tree. c¢) Motifs were used to search upstream regions of orthologs of the haploid specific genes (GPA1,
RME1, FAR1, STE4, STE18, and STES) across yeast species. The best possible match to the site is given a g-value, a color is assigned based on that g-value,
with pale lavender to white indicating low significance, and dark orange-brown indicating high significance. From top to bottom of each panel are gene
names, each row shows the scores for the orthologs of that gene across the species. A phylogenetic tree (Shen et al. 2018) indicates the relatedness of the
various species used for this study. Clades are indicated by colors in the order shown in (b).

Discussion

In this paper, we investigate a regulatory system that is deeply
conserved in the fungal lineage, namely, repression of the
haploid-specific genes by a heterodimer composed of one subunit
of the homeodomain protein Matal and one subunit of the home-
odomain protein Mata2. This is one of the simplest forms of regu-
lation imaginable: One of the subunits (Matal) is made in a cells
and the other (Mata?2) is made in a cells; only in a/a cells, which
arise from mating (by cell fusion) between a and o cells, are both
halves of the heterodimer made in the same cell and the haploid
genes repressed. The haploid-specific genes include those that

are needed for both a and a cells to mate; for example, they encode
the components of the trimeric G protein needed for both cell
types to respond to mating pheromones.

This simple regulatory scheme is found throughout the asco-
mycete lineage (Fig. 1b). This lineage represents approximately
the same degree of divergence as that between humans and
sponge; therefore, the conventional heterodimer regulatory
scheme is widely distributed (Taylor and Berbee 2006; Shen et al.
2018).

Despite its conservation and appealing simplicity, we show
that this regulatory scheme has a notable variation observed in
L. kluyverl. In this species, most of the haploid-specific genes are
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regulated in the conventional manner, but GPA1 has a novel regu-
latory scheme that differs in several important ways from the
conserved scheme. Specifically, we show that repression of
GPA1 in a/a cells of L. kluyveri requires binding of Matal, Mata2,
and a third protein Mcm1. When positioned on DNA using motif
analysis and prior crystal structures, it becomes clear why no sin-
gle pair of proteins suffice to bring about repression of GPA1, even
though two proteins are sufficient in other contexts (Fig. 4). As
shown in Fig. 1b, Mcm1 and Mata?2 are positioned on GPA1 DNA
exactly as they are when the two proteins carry out a different
regulatory function, repression of the a-specific genes. This posi-
tioning resultsin a favorable contact between the two proteins, re-
sulting in their cooperative binding to DNA. Despite this favorable
orientation, Mcm1 and Mata? cannot repress GPA1 alone—Matal
is also required (Fig. 3). The reason for the failure of Mcm1 and
Mata?2 to work alone on GPA1 is obvious from prior work: repres-
sion of the a-specific genes by these two proteins requires two
binding sites for Mata2, one on each side of Mcm1. If one site is ex-
perimentally mutated, repression of a-specific genes is destroyed
(Baker et al. 2012). Thus, the configuration of Mcm1 and Mata2 on
GPA1 resembles a mutant a-specific gene regulatory site and,
based on prior work, would not be expected to function, a predic-
tion borne out by direct experiment (Fig. 3b).

The Matal-Mata?2 pair is also insufficient to repress GPA1, and
the likely reason for this is also clear. The orientation of the Mata2
subunit is “backwards” compared with the conventional Mata2-
Matal heterodimer configuration found at haploid-specific genes
(Fig. 4). In addition, the spacing between the Mato2 and Matal mo-
tifs is substantially altered from the conventional scheme (Fig. 4,
Supplementary Fig. 2). Model building (based on the existing crys-
tal structures) suggests that Matal and Mata2, as they are ar-
ranged on the L. kluyveri GPA1 regulatory region, could plausibly
contact each other (through a short alpha helix on a flexible
tether) as is observed in the structure of the conventional hetero-
dimer; however, there must be a severe energetic cost to this al-
tered arrangement because it cannot support repression of
GPA1 in the absence of the Mcm1 binding sequence (Fig. 3b) (Li
et al. 1995; Tan and Richmond 1998).

The arguments presented above explain, in energetic terms,
why all three proteins are needed to repress the L. kluyveri GPA1
gene in a/a cells. But how might this novel arrangement have
evolved? While we cannot provide a definitive answer, there are
some important clues buried in the fungal lineage. At the point
where S. cerevisiae and W. anomalus diverge (prior to the divergence
of S. cerevisiae and L. kluyveri), all of the protein-protein interac-
tions needed for the three-part scheme on the L. kluyveri GPA1
gene were in place (Britton et al. 2020). Specifically, the favorable
contacts between Mata2 and Mcm1 and between Mata2 and
Matal had evolved before these two branchpoints (Fig. 1b).
Thus, the shift between the different modes of regulation could
be brought about solely through changes in cis-regulatory se-
quences. Bioinformatic analysis shows that the conventional
form of regulation by the Matal-Mato2 heterodimer is widely dis-
tributed across the ascomycete lineage (Fig. 5, Supplementary
Fig. 3). For example, it applies to the haploid-specific genes in
S. cerevisiae, in Candida albicans and (with the exception of GPA1)
in L. kluyveri. Given its widespread occurrence—especially in spe-
cies where the Mata2-Mcm1 interaction is absent—the conven-
tional, heterodimer form of regulation almost certainly predates
the three-protein mechanism. Accordingly, the three-part form
of regulation described here is tightly restricted to a small clade
and is most likely a derived form of regulation.

A bioinformatic search, using the three-part L. kluyveri se-
quence described in this paper, failed to identify the W. anomalus
RME1 control region, indicating that the arrangement of the
three proteins differs between these two species. Thus far, our
work has documented four different ways in which the haploid-
specific genes are regulated across the ascomycete lineage—
direct repression by Matal-Mata2 (as in S. cerevisiae), indirect
regulation via Rme1l (as in K. lactis; (Booth et al. 2010), and two
forms of three-part regulation involving Mcm1 [L. kluyveri as
shown in this work, and W. anomalus; (Britton et al. 2020)].
These observations indicate a high degree of flexibility in the
way in which the haploid-specific genes are regulated across
ascomycete species and raise the possibility that additional me-
chanisms will be discovered.

This work highlights an important concept in gene expression:
the same output (in this case, repression of the haploid genes in
a/o cells) can be achieved by different mechanistic solutions
and—over evolutionary time scales—the mechanism can drift
from one solution to another while maintaining the same output.
The key to thisidea is that gene expression is typically controlled
by assemblies of proteins binding cooperatively to control re-
gions on DNA, and the energetics of assembly can be parceled
out in different ways, resulting in different types of arrange-
ments on DNA. For example, in the case described here, a defi-
clent binding site for the Matal-Mata2 heterodimer is
compensated by a favorable interaction with a third protein,
Mcm1. This idea leads to a cautionary note on interpreting
a particular gene expression strategy as somehow perfectly
optimized. Instead, as evidenced by comparisons across
species, a gene expression scheme is best regarded as a flexible
set of possible mechanisms, linked by energetically feasible
transitions.
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