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The physicochemical properties of biological membranes must be maintained within a range compatible with
cellular physiology. In the face of external perturbations, membrane lipid homeostasis mechanisms sense and
control membrane features. How such mechanisms evolve to function in organisms with different cellular lipid
make-up is unknown. Here, we address this fundamental question by exploiting the natural divergence in membrane
lipid composition between the related fission yeasts Schizosaccharomyces pombe and Schizosaccharomyces
japonicus. Using lipidomics and transcriptomics, we show that the activity of the membrane-bound transcriptional
activator Mga2, which regulates the A-9 desaturase Olel expression, is set to sense distinct levels of membrane
unsaturation in the two species. Through retroengineering and physiological experiments, we identified an evolu-
tionary divergent but functionally constrained element within the juxtamembrane region of Mga2, which fine-tunes

its performance to species-specific lipid composition. Our experiments indicate that high baseline expression of
olel, set by cis-regulatory elements in its upstream noncoding region, has redefined the dynamic range of Mga2
activation in S. pombe, supporting high lipidome unsaturation. Our work explores an “experiment of nature” to
highlight the broad principles underlying the organization and evolution of membrane homeostasis, which should
be applicable to other genetic networks supporting cellular homeostatic processes.
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Biological membranes define cells and organelles, coordi-
nate interorganellar and cellular communication, and
contribute greatly to cellular signaling and metabolism.
Membrane physicochemical properties are shaped by
both membrane lipid composition and membrane-associ-
ated proteome. These properties must be tightly regulated
to meet the physiological demands of cells and organisms
(Ernst et al. 2016; Harayama and Riezman 2018).
Eukaryotic lipid bilayers are based on glycerophospholi-
pids of remarkable chemical diversity arising from differ-
ent combinations of polar head groups and two fatty acyl
(FA) chains. Variations in FA length and degree of unsatu-
ration strongly influence membrane physicochemical
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properties. For example, cis double bonds cause kinks in
the FAs, preventing tight lipid packing and hence, increas-
ing membrane fluidity (Harayama and Riezman 2018). Ex-
ternal cues such as variation in dietary lipid uptake or
fluctuating temperature in poikilothermic organisms
may greatly impact membrane properties, either through
perturbing cellular lipid composition or directly affecting
lipid diffusion (De Mendoza and Pilon 2019). To maintain
cellular function under variable environmental condi-
tions, organisms utilize homeostatic mechanisms that
can sense membrane states and mount adaptive responses
(Ernst et al. 2016). The key objective in this context is to
maintain membrane physicochemical properties rather
than the exact lipid composition.

Although the lipid metabolic toolbox may vary even in
closely related species, organisms have evolved a set of
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conserved membrane sensing mechanisms to maintain
membrane homeostasis. Those are usually based on tran-
scriptional circuits (Ernst et al. 2016, 2018; De Mendoza
and Pilon 2019). A fascinating question is how homeostat-
ic mechanisms evolve, given that they may need to sense
and restore membranes to distinct optimal states in differ-
ent organisms.

We address this question by exploiting two related fis-
sion yeast species, Schizosaccharomyces pombe and
Schizosaccharomyces japonicus, which have profoundly
different membrane glycerophospholipid composition.
S. pombe membranes are massively unsaturated and rela-
tively disordered, with a large proportion of glycerophos-
pholipids where both FA chains are typically 18 carbon
atoms long and mono-unsaturated at position A9. In con-
trast, S. japonicus synthesizes abundant asymmetrical
saturated glycerophospholipids, containing a long FA
(usually C18:0) at the sn-1 position and a medium FA
(C10:0) at the sn-2 position of the glycerol backbone.
S. japonicus also synthesizes unsaturated glycerophos-
pholipids, albeit to a considerably lower extent than
S. pombe (Makarova et al. 2020; Rao et al. 2025).

In fungi, FA unsaturation is controlled by the transcrip-
tional activator Mga2 that regulates the expression of the
essential A9-desaturase olel, among other genes involved
in lipid metabolism (Burr et al. 2016; Radanovié et al.
2018; Mare$ovi et al. 2024). Mga2. is produced as a precur-
sor that forms homodimers inserted in the endoplasmic
reticulum (ER) membrane. Based on work in budding
yeast, it has been proposed that the C-terminal transmem-
brane helix (TMH) forms a complex dimerization inter-
face, capable of sensing membrane lipid saturation via a
rotation-based mechanism, which involves the conserved
tryptophan and proline residues. In this model, increased
membrane saturation stabilizes a rotational conformation
in which the tryptophan residues face each other at the
dimer interface due to the conformational flexibility pro-
vided by the proline residues (Covino et al. 2016). Such
conformational changes are coupled to ubiquitination
and subsequent proteolytical cleavage of Mga2 via the
proteasome (Hoppe et al. 2000; Ballweg et al. 2020; Cause-
mann et al. 2025). The liberated N-terminal transcription-
ally active domain then drives the expression of olel and
other target genes in the nucleus, likely by modulating lo-
cal chromatin accessibility (Burr et al. 2016; Ballweg and
Ernst 2017).

Here, we show that the activation threshold and sensi-
tivity of Mga2 have adjusted to the distinct ground states
of membrane unsaturation in S. pombe and S. japonicus
and identify a functionally constrained domain in the jux-
tamembrane region of Mga2 underlying these critical dif-
ferences. Our data indicate that cis-regulatory elements in
the untranslated region upstream of S. pombe ole1 driving
its high baseline expression may have reshaped the dy-
namic range of Mga2 activation in this fission yeast. To-
gether, our findings illustrate how conserved regulatory
circuits can be rewired to meet species-specific physiolog-
ical requirements, providing a broader framework for un-
derstanding the robustness and evolvability of other
cellular homeostatic networks.
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Results

The fatty acid desaturase olel is a conserved target
of Mga2-controlled transcriptional program
in S. pombe and S. japonicus

To understand how the two species with drastically differ-
ent membrane lipidomes adapt their glycerophospholipid
composition to maintain membrane properties, we cul-
tured S. pombe and S. japonicus cells across a range of
physiological growth temperatures and performed shot-
gun electrospray ionization mass spectrometry (ESI-MS)
analyses of total lipid extracts. Interestingly, we observed
virtually orthogonal strategies of adaptation to growth
temperature between the two fission yeasts (Fig. 1A; Sup-
plemental Tables S1, S2 in Supplemental Data S1). While
the S. pombe membrane glycerophospholipids remained
highly unsaturated across the entire growth temperature
range, S. japonicus reduced global glycerophospholipid
unsaturation with increasing temperature. Conversely,
whereas S. japonicus maintained high levels of glycero-
phospholipid asymmetry at all temperatures, S. pombe
gradually increased the proportion of asymmetrical glyc-
erophospholipids with decreasing temperature (Fig. 1B;
Supplemental Table S1 in Supplemental Data S1). These
results indicate that in changeable environment, cells fa-
vor the regulation of minor rather than highly abundant
lipidome features. Additionally, this observation supports
the hypothesis that asymmetrical saturated and symmet-
rical unsaturated glycerophospholipids confer similar
physicochemical properties to lipid bilayers (Smith et al.
2021; Panconi et al. 2023; Rao et al. 2025).

Given that the two fission yeasts have drastically differ-
ent fractions of unsaturated glycerophospholipids and dis-
tinct ways to regulate them in a temperature-dependent
manner, we wondered whether the transcriptional program
controlled by the Mga2 homeostatic pathway (Burr et al.
2016; Radanovic et al. 2018; Maresovi et al. 2024) are con-
served. To address this question, we generated S. pombe
and S. japonicus mutants lacking Mga2 and performed
mRNA sequencing (RNA-seq) analysis. The number of dif-
ferentially expressed genes in the absence of Mga2 was sub-
stantially higher in S. japonicus than in S. pombe (Fig. 1C,
D; Supplemental Tables S1, S2 in Supplemental Data S2).
The expression of the A9-desaturase olel was significantly
downregulated in mga2A cells in both fission yeasts, sug-
gesting that olel is a conserved target of this pathway
(Fig. 1C,D). We detected additional differentially expressed
genes, both down and upregulated, which overlapped be-
tween S. pombe and S. japonicus mga2A mutants, although
the extent of their deregulation was different. The downre-
gulated transcripts included previously described Mga2 tar-
gets in S. pombe related to lipid metabolism, including the
acetyl-coA carboxylase cut6, the triacylglycerol lipase ptl2
and the long-chain fatty acyl-CoA synthetases Icf1 and Icf2
(Prevorovsky et al. 2015; Burr et al. 2017; Maresova et al.
2024). The commonly upregulated transcripts included
two genes with roles in cell wall biogenesis (the essential
1,3-B-glucanosyltransferase gas! and the regulator of 1,3-
B-glucan synthesis gsr1) (Fig. 1E).
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Despite sharing a set of commonly regulated genes,
S. pombe and S. japonicus lacking Mga2 also exhibited
species-specific transcriptional responses, as evidenced
by gene ontology (GO) enrichment analysis. For instance,
in S. pombe the downregulated targets, which likely con-
stitute the functional output of the Mga2 pathway, were
associated with “molecular function” and “biological pro-
cess” GO terms related to fatty acid metabolism. In
S. japonicus such GO terms were associated with trans-

membrane transport processes (Supplemental Fig. S1A;
Supplemental Tables S3, S4 in Supplemental Data S2.).
In line with that, “cellular component” GO terms in
S. pombe included the “endoplasmic reticulum” and “lip-
id droplet,” but in S. japonicus the only enriched GO term
was “plasma membrane” (Supplemental Fig. S1A; Supple-
mental Tables S3, S4 in Supplemental Data S2). The upre-
gulated transcripts in S. pombe were enriched for unfolded
protein responses, whereas in S. japonicus the strongest
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enrichments were associated with hydrolase activity, cell
wall biogenesis and phospholipid catabolic process (Sup-
plemental Fig. S1B; Supplemental Tables S3, S4 in Supple-
mental Data S2).

Recent studies in S. pombe suggest that Mga2 cooper-
ates with the CBF1/Su(H)/Lag-1 (CSL) family transcrip-
tion factor Cbfll to promote the expression of lipid
metabolism genes, with Cbfll binding the DNA and
Mga2 acting as a transcriptional activator (MareSova
et al. 2024; Skribbe et al. 2025). Consistent with this mod-
el, we detected significant enrichment of the Cbf11 bind-
ing motif (Pfevorovsky et al. 2015) in the promoters of
downregulated targets in S. pombe (Supplemental Table
S5 in Supplemental Data S2). Such enrichment was not
observed in S. japonicus (Supplemental Table S6 in Sup-
plemental Data S2). Nevertheless, we identified putative
CDbf11 binding sites within the 1 kb upstream regions of
olel and other Mga2 lipid metabolism-related targets in
both sister species. In S. japonicus the putative regulatory
network expanded to genes involved in other cellular pro-
cesses, including DNA replication, recombination and re-
pair, cell-cell conjugation and fusion (Supplemental
Tables S5, S6 in Supplemental Data S2).

Our results so far indicated that despite the divergence
in the transcriptional output of the Mga2 pathway and/or
cellular consequences associated with its deficiency, a
subset of Mga2 targets involved in lipid metabolism was
conserved between the two species. Related to FA unsatu-
ration, reverse transcription qPCR (RT-qPCR) analysis
confirmed that Mga2 regulated olel expression in both
species, albeit to different extent. While olel expression
in S. japonicus depended critically on Mga2, its contribu-
tion to olel regulation was less pronounced in S. pombe
(Fig. 1F). Notably, olel transcript levels correlated well
to the protein abundance in both species, as shown by
Western blotting and microscopy of Olel tagged C-termi-
nally with superfolder GFP (sfGFP) (Fig. 1G; Supplemental
Fig. S1C).

Consistent with the interspecies difference in olel reg-
ulation, comparative ESI-MS lipidomics revealed a greater
impact of Mga2 deficiency in S. japonicus, with most glyc-
erophospholipids becoming fully saturated and asymmet-
rical, while S. pombe responded by producing more mono-
unsaturated versus diunsaturated glycerophospholipid
species (Fig. 1H; Supplemental Fig. S1D,G,H; Supplemen-
tal Table S3 in Supplemental Data S1). The lack of Mga2
caused further alterations to the cellular lipid landscape.
We observed an increased ratio between phosphatidyleth-
anolamine (PE) and the sum of phosphatidylcholine and
phosphatidylinositol (PE/(PC + PI)) in mga2A cells as com-
pared to the wild type in both species (Supplemental Fig.
S1E,F). Unlike PC and PI that have a cylindrical shape
and form flat lipid bilayers, PE is conically shaped, gener-
ating intrinsic negative curvature. Thus, a relative in-
crease in a nonbilayer PE may indicate the need to
maintain the collective physical properties of the mem-
brane when FA unsaturation is critically reduced (Renne
and De Kroon 2018; Yang et al. 2025). Besides other adjust-
ments in minor lipid species, S. japonicus mga2A cells
showed a significant reduction in the levels of diacylgly-
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cerol (DG) and triacylglycerol (TG) (Supplemental Fig.
S11I). The latter could be due to the upregulation of genes
involved in lipid catabolic processes (Supplemental Fig.
S1B). On the other hand, S. pombe cells lacking Mga2 ex-
hibited increased levels of phosphatidic acid (PA) and ino-
sitol phosphoceramide (IPC) (Supplemental Fig. S11I).

The lack of Mga2 strongly impaired the growth rate of
both fission yeasts. Suggesting that reduction in glycero-
phospholipid unsaturation could be at the root of this phe-
notype, supplementation of mga2A cells with exogenous
unsaturated FA, oleic acid (C18:1), restored their growth
rate to wild-type levels in S. pombe, and led to almost
complete rescue in S. japonicus (Fig. 1I; also see Burr
et al. 2016 for S. pombe). Thus, olel is a critical target of
Mga?2 in both species.

Together, these findings indicate that despite the evolu-
tionary rewiring of Mga2-dependent transcriptional re-
sponse, the Mga2-Olel relationship is conserved
between S. pombe and S. japonicus. However, Olel is un-
der a stronger Mga2 regulation in S. japonicus, suggesting
that this regulatory circuit may have adapted to the dis-
tinct levels of glycerophospholipid unsaturation in these
organisms.

Mga?2 activity is tuned to sense different membrane
states in the two species

To investigate how Mga2 interprets distinct membrane
lipid environments and differentially regulates olel ex-
pression, we examined its activation by proteolytic cleav-
age in S. pombe and S. japonicus (Hoppe et al. 2000; Burr
et al. 2017). To this end, we N-terminally tagged Mga2 at
its endogenous locus with GFP (GFP-Mga2), allowing us
to detect both the ER membrane-bound precursor (P)
and the transcriptionally active N-terminal fragment
(N). Strikingly, whereas at steady state S. japonicus
showed a considerable fraction of uncleaved precursor in
the ER, Mga2 in S. pombe was largely cleaved, with its
N-terminal fragment localizing to the nucleus (Fig. 2A,
B). Treatment with the proteasome inhibitor bortezomib
resulted in strong accumulation of the Mga2 precursor
in both fission yeasts, suggesting that the proteasome-de-
pendent proteolytic processing of Mga2 was conserved
(Supplemental Fig. S2A,B; also see Burr et al. 2017). Con-
stitutive Mga2 cleavage may maintain membrane lipid
unsaturation in S. pombe above a certain, high threshold
for optimal fitness (Fig. 1B,I; Supplemental Fig. S1D;
Scotchman et al. 2021).

The distinct steady-state activation patterns of Mga2
prompted us to examine whether the sensitivity of
Mga?2 to alterations in fatty acid unsaturation also differs
between S. pombe and S. japonicus. The two yeasts re-
sponded differently to the treatment with cerulenin,
which inhibits de novo FA synthesis and thus prevents
FA desaturation, likely increasing lipid packing (Awaya
etal. 1975; Omura 1976; Burr et al. 2017). Whereas cerule-
nin treatment induced GFP-Mga2 proteolytic cleavage
and nuclear translocation in S. japonicus, it had a negligi-
ble impact on GFP-Mga2 processing in S. pombe—in line
with most GFP-Mga2 being cleaved already under normal
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conditions (Fig. 2A,B). Conversely, supplementation with
unsaturated oleic acid inhibited GFP-Mga2 cleavage in
both yeasts (Fig. 2A,B). GFP-Mga2 cleavage largely corre-
lated with olel expression levels as measured by RT-
gPCR (Fig. 2C), although olel expression appears to be a
more sensitive readout of Mga2 pathway activation as
compared to measuring Mga2 cleavage. Importantly,
both decreasing and increasing unsaturated fatty acids

elicited a stronger regulation of ole1 expression in S. japo-
nicus than in S. pombe (Fig. 2C). We concluded that Mga2
proteins in the two species exhibit distinct activation
thresholds and different degree of sensitivity.

We next wondered whether the distinct activation pat-
terns of S. pombe and S. japonicus Mga2 proteins could be
attributed to differences in their lipid saturation-sensing
mechanism (Covino et al. 2016). Binding of the E3
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ubiquitin ligase Rsp5 was shown to be critical for Mga2
ubiquitination and release from the ER in budding yeast
(Shcherbik et al. 2003; Bhattacharya et al. 2009; Ballweg
et al. 2020). The putative E3 ubiquitin ligase binding site
and its relative position to the transmembrane helix are
conserved in both fission yeasts (Fig. 2D). The deletion
of this site (APPPY) largely abolished Mga2 cleavage
both under normal conditions and upon cerulenin treat-
ment in both S. pombe and S. japonicus (Fig. 2E,F; Supple-
mental Fig. S2C,D).

The sequences of Mga2 transmembrane helix are also
well-conserved between both fission yeasts and the evo-
lutionarily distant S. cerevisiae, including the trypto-
phan and proline residues (W1042 and P1044) shown to
sense membrane saturation and enable efficient proteo-
lytic activation in budding yeast (Fig. 2D; Covino et al.
2016). Mutation of the corresponding residues in S.
pombe to leucine (W1120L and P1122L) led to a reduc-
tion in cleavage at steady state, although it was less pro-
nounced than in budding yeast (Covino et al. 2016).
Interestingly, we did not detect differences in steady-
state Mga2 cleavage in the corresponding S. japonicus
mutants (W1095L and P1097L) (Fig. 2E,F; Supplemental
Fig. S2C,D). However, these mutations abolished further
Mga2 cleavage in response to cerulenin treatment both
in S. pombe and S. japonicus (Fig. 2E,F; Supplemental
Fig. S2C,D). Thus, it appears that the mechanism by
which Mga2 transmembrane helix senses changes in lip-
id unsaturation is broadly conserved and therefore can-
not explain the different activation thresholds between
the two sister species.

To probe whether other regions of the Mga2 sequence
are responsible for its distinct cleavage patterns, we re-
placed the endogenous mga2 ORF in S. pombe with the
S. japonicus ortholog at the native locus. The swapped
protein was N-terminally tagged with GFP (GEP-Mga257).
Intriguingly, the gfp-mga25’ S. pombe mutant showed
markedly reduced Mga2 cleavage at steady-state as com-
pared to the endogenous version (Fig. 2G; Supplemental
Fig. S2E). Reduced Mga2 cleavage correlated with de-
creased olel expression and a concomitant reduction in
global glycerophospholipid unsaturation, similar to the
mga2A mutant or the mutant lacking the putative E3
ubiquitin ligase binding site (Fig. 2H,I). The transplanted
S. japonicus Mga2 responded only to the decrease in
membrane order upon supplementation with oleic acid,
but not to cerulenin treatment (Fig. 2G; Supplemental
Fig. S2E).

Our results indicate that the S. japonicus Mga2 that has
evolved in an organism with relatively low membrane lip-
id unsaturation, is “satisfied” in S. pombe membrane en-
vironment. In this species, even in the absence of
endogenous Mga2 or upon cerulenin treatment, the lipi-
dome unsaturation remains high enough (Supplemental
Fig. S1D), and thus, lies far above the normal S. japonicus
Mga?2 sensitivity range. On the other hand, the system re-
mains sensitive to extreme unsaturation triggered by sup-
plementation with oleic acid. We concluded that the
activation threshold is determined by the Mga2 protein
sequence itself.
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Differences in the juxtamembrane region
of Mga?2 are responsible for its species-specific
activation patterns

Since Mga2 functions homeostatically to maintain mem-
brane properties, the divergence in the transcriptional
output of the Mga2 pathway could contribute to its dis-
tinct activation patterns. To explore this possibility, we
generated chimeric Mga2 proteins in S. pombe and
S. japonicus by swapping the first 130 amino acids corre-
sponding to their N-terminal transcriptional activator do-
mains (Hoppe et al. 2000; Romanauska and Kohler 2021)
in the native chromosomal context (Mga2-TAswap; Sup-
plemental Fig. S3A), and analyzed changes in global
mRNA abundance by RNA-seq. We did not observe any
differentially expressed genes in S. japonicus mutant as
compared to the wild type. The S. pombe Mga2-TAs-
wap>’ mutant showed only two mildly downregulated
genes, the acid phosphatase phol and the adenine-repress-
ible gene rds1, neither related to lipid metabolism. In ad-
dition, we observed an increase in the transcripts of mga2
itself and the adjacent gene pot1, likely as a consequence
of the engineering at this locus (Supplemental Fig. S3B). Of
note, both S. pombe and S. japonicus Mga2-TAswap mu-
tants maintained nearly wild-type-like olel expression
levels and, unlike the mga2A mutants, the chimeric
strains did not display growth defects (Supplemental Fig.
S3C,D). These results indicate that the transcriptional ac-
tivator domains of S. pombe and S. japonicus Mga2 pro-
teins can substitute for each other, suggesting that the
specificity of Mga2 activation patterns must reside some-
where else within the protein.

We next explored the role of the entire C-terminal “sen-
sor” domain of Mga2, which includes the last 160 amino
acids of the protein and comprises the juxtamembrane
domain, the transmembrane helix (TMH), and the extreme
C terminus that is predicted to form an amphipathic helix
(AH) (Fig. 3A). The juxtamembrane domain contains the
putative E3 ubiquitin ligase binding site followed by an in-
trinsically disordered region that extends to the TMH (Ball-
weg et al. 2020). We engineered S. pombe Mga2-based
constructs inspired by the LipSat sensors developed in bud-
ding yeast (Romanauska and Kohler 2021). These N-ter-
minally GFP-tagged sensors lacked the 130 amino-acid-
long transcriptional activator domains, uncoupling
membrane order sensing from the expression of olel
and other Mga2 targets and thus, abolishing its function
in lipid homeostasis. To avoid heterodimerization with
the endogenous Mga2 protein (Romanauska and Kohler
2021), these constructs were integrated at the mga2 locus
and were the only source of Mga2 in the mutant cells. As
expected, the control S. pombe Mga2 sensor was predom-
inantly cleaved and localized to the nucleus at steady
state (Fig. 3B,C; Supplemental Fig. S3E). In line with its
ability to report on fatty acyl chain unsaturation in the
ER membrane, sensor processing was strongly reduced
upon exogenous supplementation with oleic acid, lead-
ing toits increased retention in the ER (Fig. 3B,C; Supple-
mental Fig. S3E). Interestingly, the sensor construct in
which the S. pombe C-terminal domain was replaced
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by the corresponding 160 amino acids from S. japonicus
[Cterm(160aa)57] showed reduced cleavage even at
steady state, which was further decreased upon supple-
mentation with oleic acid (Fig. 3B,C; Supplemental Fig.
S3E). This behavior closely resembled the S. japonicus
Mga2 activation pattern, suggesting that the features re-
sponsible for species-specific cleavage are encoded with-
in the C-terminal 160 amino acids of Mga2.

To narrow down the sequence responsible for this phe-
notype, we generated additional S. pombe sensor con-
structs carrying the S. japonicus juxtamembrane
(Juxtam®’), TMH (TMH5") or C-terminal amphipathic
helix (AHS7), either individually or in combination
(Fig. 3A,B), and tested whether these chimeras sensed
membrane environment in a S. pombe-like or S. japoni-
cus-like fashion. Strikingly, all sensor constructs that in-
cluded the juxtamembrane region, either alone or
combined with the TMH or the amphipathic helix,
showed S. japonicus-like activation pattern, making
the sensor less prone to cleavage than the control con-
struct already at steady state. In contrast, the chimeras
containing only the TMH, the C-terminal amphipathic
helix, or a combination of both displayed S. pombe-like
phenotypes (Fig. 3B,C; Supplemental Fig. S3E). We ob-
served variability in protein abundance among the differ-
ent S. pombe constructs, likely due to differences in
protein stability and/or half-life caused by protein
engineering.

Following the same strategy, we generated S. japonicus
Mga2-based sensors lacking the transcriptional activator
domain and carrying either the S. pombe C-terminal
domain [Cterm(160aa)5?] or the juxtamembrane region
(JuxtamS®) (Fig. 3A,D). Replacement of the S. japonicus
C-terminal domain with the S. pombe sequence made
the Mga2 sensor more prone to cleavage upon oleic acid
supplementation as compared to the treated control, and
that phenotype was recapitulated by the sensor carrying
only the juxtamembrane region (Fig. 3D,E; Supplemental
Fig. S3F).

Together, these results indicate that the juxtamem-
brane region plays a central role in determining the spe-
cies-specific Mga2 activation patterns.

An evolutionarily divergent but functionally constrained
55 amino acid sequence within the juxtamembrane
domain underlies species-specific Mga2 activation

We next sought to identify the juxtamembrane sequence
feature(s) underlying the differential Mga2 cleavage in
the two sister species. To this end, we sequentially short-
ened the S. japonicus C-terminal domain in our S. pombe
sensor chimeric constructs based on sequence conserva-
tion between S. pombe and S. japonicus Mga2 proteins
(Fig. 4A). When the last 135 amino acids of the S. pombe
C-terminal domain were substituted with the cognate
S. japonicus sequence [Cterm(135aa)57], the Mga2 cleav-
age pattern was comparable to that of the construct carry-
ing the full S. japonicus C-terminal domain [Cterm
(160aa)57], both at steady state and upon oleic acid treat-

Evolution of membrane homeostasis

ment (Supplemental Fig. S4A-C). Conversely, a chimera
carrying only the last 80 residues of the S. japonicus C-ter-
minal domain [Cterm(80aa)5’] exhibited the S. pombe-
like cleavage pattern (Fig. 4B,C; Supplemental Fig. S4C).
Although the intermediate chimeric mutant Cterm
(105aa)>" lacking the E3 ubiquitin ligase binding site
was mildly enriched at the ER at steady state, it did not ex-
hibit statistically significant differences in cleavage as
compared to the control upon oleic acid treatment (Fig.
4B,C; Supplemental Fig. S4C). Taken together, these re-
sults delineated the N-terminal and the C-terminal
boundaries of the 55 amino acid sequence responsible
for distinct Mga2 cleavage patterns in the two species
(Fig. 4F, boxed in red).

The conserved E3 ligase binding site (PPPY) is required
for proteasome-dependent Mga2 processing in both
S. pombe and S. japonicus (Fig. 2D-F; Supplemental Fig.
S2C,D). The flanking context of PPxY motifs may influ-
ence substrate binding to WW domains of E3 ubiquitin li-
gases, potentially contributing to differences in cleavage
efficiency. For instance, the nonpolar residues at the +3
position of PPxY motifs enhance substrate binding to sev-
eral WW domains (Henry et al. 2003; Kanelis et al. 2006;
Bobby et al. 2013). S. pombe harbors a nonpolar phenylal-
anine residue at this position, as compared to serine in S.
japonicus (Fig. 4F). However, swapping the extended S.
pombe PPPY-containing motif (DVPPPYSEFA) with the
S. japonicus counterpart (EDPPPYSESV) in the sensor
background did not alter Mga2 cleavage levels at steady
state or upon treatment with oleic acid, as compared to
the control (Fig. 4B,D; Supplemental Fig. S4C). These re-
sults indicate that the Mga2 species-specific cleavage pat-
terns cannot be attributed to differences in the PPPY
sequence context affecting the binding affinity of the E3
ligase.

In budding yeast Mga2, lysine residues 983 and 985
downstream from the Rsp5 binding site are ubiquiti-
nated and mediate the release of the cleaved Mga2 frag-
ment from the ER (Bhattacharya et al. 2009). These
residues are not conserved in S. pombe or S. japonicus
(Fig. 2D). We wondered whether the ubiquitination of
two lysine residues downstream from the PPPY motif
in S. pombe Mga2, which are not conserved in S. japoni-
cus, could explain increased proteolytic cleavage for the
S. pombe protein (Fig. 4F, boxed in black). The mutation
of these residues to arginine (K1059R and K1072R) in the
S. pombe sensor background did not significantly affect
Mga2 cleavage at steady state. In the presence of oleic
acid, the K1059R, K1072R mutant sensor exhibited a
modest reduction in cleavage, although the phenotype
was not as strong as for the Cterm(160aa)5’ construct
(Fig 4B,E; Supplemental Fig. S4C). These results suggest
that the ubiquitination of other lysines in the vicinity of
the PPPY motif in S. pombe is sufficient to promote
Mga2 processing when the membrane order is high, as
expected in the Mga2 sensor background. However, the
ubiquitination of K1059 and K1072 residues potentiates
Mga2 cleavage when membranes become more disor-
dered; that is, leading to a distinct conformational state
of the protein.
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Figure 3. Mga2 species-specific activation pattern is determined by its juxtamembrane domain. (A) Diagrams showing the domain or-
ganization of S. pombe (top) and S. japonicus (bottom) Mga2 proteins. The transcriptional activator domains (TA) comprise the first
130 amino acids of both proteins (1-130). The C-terminal “sensor” domains cover the last 160 amino acids of S. pombe and S. japonicus
Mga2 proteins (S. pombe 992-1151; S. japonicus 968-1127). Magnified schematics of the C-terminal domains are shown for each protein
and include the juxtamembrane region with the putative E3 ligase binding site (PPPY), the predicted transmembrane helix (TMH) and the
C-terminal amphipathic helix (AH). (B) Schematics of the chimeric S. pombe sensor constructs used in experiments shown in C. (C) West-
ern blots of S. pombe cells expressing GFP-Mga2 sensor constructs with the indicated chimeric C-terminal domains grown in YES in the
absence or the presence of 1 mM oleic acid (C18:1) for 3 h. The bottom panel shows the quantification of GFP-Mga2 cleavage in all strains.
(D) Schematics of the chimeric S. japonicus sensor constructs used in experiments shown in E. (E) Western blot of S. japonicus cells ex-
pressing the indicated GFP-Mga2 sensor constructs grown in YES in the absence or the presence of 1 mM oleic acid (C18:1) for 3 h. The
right panel shows the quantification of GFP-Mga2 cleavage. (C,E) P and N indicate precursor and cleaved N-terminal transcriptionally
active forms, respectively. Mga2 cleavage is calculated as N/(N + P), expressed as percentage. Actin was used as a loading control. Data
are represented as average + SD (n =3 biological repeats). P-values were derived from one-way ANOVA followed by multiple comparisons
with FDR correction (Benjamini, Krieger, and Yekutieli). Note that in C, each mutant is compared to the control, either at steady state or

upon treatment with oleic acid.
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Figure4. A functionally constrained 55 amino acid sequence in the juxtamembrane domain of Mga2 underlies the species-specific Mga2
activation patterns. (A) Diagram of the S. pombe Mga2 C-terminal domain (amino acids 992-1151), indicating important functional fea-
tures as in Figure 3A and the boundaries of the chimeric sensor constructs. (B) Schematics of the S. pombe sensor constructs with chimeric
C-terminal domains and point mutations used in experiments shown in C-E. (C-E) Western blots and graphs showing the quantification
of GFP-Mga2 cleavage in S. pombe cells of indicated genotypes grown in YES in the absence or the presence of 1 mM oleic acid (C18:1) for 3
h. Note that all mutations were introduced in the Mga2 sensor background. P and N indicate precursor and cleaved N-terminal transcrip-
tionally active forms, respectively. Actin was used as a loading control. Mga2 cleavage is calculated as N/(N + P), expressed as percentage.
Data are represented as average + SD (n =3 biological repeats). P-values are derived from one-way ANOVA followed by multiple compar-
isons with FDR correction (Benjamini, Krieger, and Yekutieli). (F) ClustalW alignment of the C-terminal region (last 160 amino acids) of
Mga2 proteins in the six species of the Schizosaccharomyces genus: S. versatilis, S. japonicus, S. pombe, S. cryophilus, S. octosporus, and
S. osmophilus represented using ESPript 3.0. (*) Identical amino acid, (:) conserved substitution, (.) semi-conserved substitution. Bold let-
ters indicate similar residues with a global similarity score >0.7. The putative E3 ubiquitin ligase binding site is shaded in purple. The
extended PPPY motif is boxed in green. The most divergent stretch of residues in the juxtamembrane domain is shaded in cyan. The lysine
residues mutated in the experiment shown in E are boxed in black. The transmembrane helix is shaded in beige. The region that we iden-
tified as responsible for Mga2 species-specific activation patterns is boxed in red. (G) Diagram of S. pombe Mga2 showing the synonymous
(gray) and nonsynonymous (red) variations found in 57 natural isolates of diverse origins. The TA domain, the putative E3 ligase binding
site PPPY and the TMH are indicated.
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Interestingly, the intrinsically disordered portion in-
cluded within the identified 55 amino acid long sequence
is the most evolutionarily divergent stretch of amino acids
within the C termini of Schizosaccharomyces Mga2. pro-
teins (highlighted in cyan in Fig. 4F). However, it is highly
conserved between 57 S. pombe natural isolates of diverse
origins (Fig. 4F,G; Supplemental Table S1 in Supplemen-
tal Data S3; Jeffares et al. 2015), suggesting that it remains
functionally constrained within an individual species. We
concluded that the 55 amino acid region within the juxta-
membrane domain has evolved to function in different
species-specific lipid environments, with S. pombe
Mga?2 operating in a highly unsaturated lipidome.

High basal expression of olel in S. pombe is facilitated
by a distinct architecture of its upstream
noncoding region

Interestingly, Olel-sfGFP was much more abundant (ap-
proximately five times at the protein level and ~2.5 times
at the transcript level) in S. pombe than in S. japonicus
(Fig. 5A,B; Supplemental Fig. S5A). Unlike in S. japonicus,
even in the absence of Mga2, S. pombe cells exhibited high
baseline expression of olel (Fig. 1F,G; Supplemental Fig.
S1C) and just a modest reduction in lipid unsaturation
(Fig. 1H; Supplemental Fig. S1D), although that was not
sufficient for optimal fitness (Fig. 1I). We wondered how
the regulation of olel expression diverged between the
two species, potentially contributing to the evolution of
distinct ground states of Mga2 activation.

Divergence in cis-regulatory elements such as tran-
scription factor binding sites, other intrinsic DNA se-
quence properties or distinct chromatin architecture
may determine quantitative changes in gene expression
that occur in evolution (Dalal et al. 2016; Kim and
Wysocka 2023). In S. pombe the transcription start site
(TSS) for olel has been mapped to —747 bp upstream of
OREF (Li et al. 2015), consistent with our RNA-seq data).
It is preceded by a canonical TATA box motif (TATATA)
starting at the position —783 bp. A Cbfl1-Mga2 binding
site is located 14 bp upstream of the TATA box at the po-
sition —797 bp (Fig. 5C; Supplemental Table S5 in Supple-
mental Data S2; Mare$ova et al. 2024). In the absence of
Mga2, the remaining olel transcription was still initiated
at the same TSS, suggesting high Mga2-independent base-
line promoter activity (Supplemental Fig. S5B).

Interestingly, virtually the entire noncoding sequence
upstream of olel ORF lies within a larger ~3.4 kb low-
complexity region rich in poly(dA:dT) tracts, which are
absent at the equivalent positions in S. japonicus and oth-
er fission yeasts (Fig. 5C; Supplemental Fig. S5C). The AT-
rich sequences can be associated with nucleosome-deplet-
ed areas that increase the accessibility of regulatory pro-
moter elements (Raveh-Sadka et al. 2012), although it
appears that in S. pombe, the nucleosome-positioning fac-
tors may override biophysical DNA sequence properties
(Lantermann et al. 2010). We wondered whether the
presence of the low-complexity region upstream of the pu-
tative promoter was required to maintain high baseline
olel expression in S. pombe. Gene disruption experiments

1438 GENES & DEVELOPMENT

using S. pombe heterozygous diploids revealed that a 1.6
kb fragment from the central part of the low-complexity
region could be deleted without affecting olel expression
levels (Supplemental Fig. S5D), whereas a longer 2.8 kb
fragment comprising most of the region, including the pu-
tative olel promoter containing the Cbfl1-Mga2 binding
site and the TATA-box was essential for cell viability
(0 knock out mutants out of 32 germinated spores were re-
covered) (Fig. 5C; see the Materials and Methods). We con-
cluded that the high levels of ole1 expression required for
viability in S. pombe are driven by the region between
—1177 and —747 bp upstream of olel ORF. Importantly,
these results also suggested that there were no alternative
promoters downstream, which could support olel
expression.

In S. japonicus, the noncoding region upstream of olel
OREF includes a similar set of cis elements although it is
positioned closer to the start codon. The TSS, approxi-
mately at position —375 bp, is preceded by a relaxed
TATA-box [TATAAG) at position —421 bp and a putative
Cbf11-Mga2 binding site at position —444 bp (Fig. 5C; Sup-
plemental Table S6 in Supplemental Data S2). Of note,
whereas the 800 bp region upstream of the S. pombe
ole1 OREF, including the TSS, exhibited very high AT con-
tent (68 %), the corresponding region in S. japonicus had
only 55% AT.

To test whether the quantitative differences in olel ex-
pression between S. pombe and S. japonicus were due to
the architecture of the upstream noncoding sequences,
we replaced the 800 bp of S. pombe olel upstream of the
OREF with the cognate S. japonicus sequence. We generat-
ed two S. pombe strains, in which the N-terminally
GFP-tagged Olel was expressed either from the native
800 bp-long (pole1 57 regulatory region or the correspond-
ing S. japonicus sequence pole157). Both constructs were
integrated at the native olel locus (Supplemental Fig.
S5E). We noticed that the olel transcript levels were ap-
proximately twice as high in the control polel5?:GFP-
Olel strain as compared to the wild type, likely due to dif-
ferences in mRNA stability or translation because of tag-
ging or locus engineering (Fig. 5D). In the same setup,
using polel®’ resulted in a considerably lower olel
mRNA expression (~2.5x lower) (Fig. 5D), which translat-
ed to lower levels of GFP-Olel protein (Fig. 5E; Supple-
mental Fig. S5F). The expression of olel mRNA in
pole1%7 cells reached intermediate levels between S.
pombe wild type and the mutant lacking Mga2 (Fig. 5D).
In line with that, whereas the pole1%’ cells could grow
normally within 24°C-36°C temperature range, they
failed to form colonies at 16°C, similar to the mga2A mu-
tant (Fig. 5F,G).

Importantly, unlike in the wild type (Fig. 1) or in the
pole15P- mutant, Mga2 has become essential in the
pole157 genetic background (0 double mutants out of 44
germinated spores were recovered) (see the Materials
and Methods). These results suggested that the baseline
activity of the S. japonicus olel promoter could not sup-
port sufficient olel expression to maintain the required
levels of lipidome unsaturation in S. pombe. We conclud-
ed that the high AT-rich content or other sequence
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Figure 5. Mga2 functions at the upper limit of its dynamic range due to high baseline expression of Olel in S. pombe. (A) Western blot of S.
pombe and S. japonicus cells expressing Ole1-sfGFP grown in YES. (B) Absolute quantification of Ole1-sfGFP mRNA levels in S. pombe and
S. japonicus cells grown in YES, expressed as copies per PCR reaction. (C) Schematics of the noncoding regions upstream of ole1 ORF in S.
pombe (3414 bp [top] and 800 bp [bottom]) and S. japonicus (800 bp). Putative Cbf11 binding sites are boxed in red. Putative TATA boxes are
boxed in black. The location of transcription start sites (TSSs) are indicated with arrows. 5'-UTR regions extend from the TSS to the start of
the ORF. Low-complexity sequence in the S. pombe olel locus is shaded in dark blue. (D) Steady-state olel mRNA levels in S. pombe wild-
type (WT), mga2A, pole15P:GFP-Olel and pole157:GFP-Olel strains grown in YES, as measured by qPCR, normalized to the WT. (E) Western
blot of pole157:GFP-Olel and pole157:GFP-Olel S. pombe cells, grown in YES. (F) Comparison of growth rates of S. pombe strains of the
indicated genotypes grown in YES at 30°C. (G) Serial dilution assay of S. pombe strains of the indicated genotypes carried out in YES medium
at the indicated temperatures. (H) A pictorial model suggesting how the high levels of Mga2-independent baseline ole1 expression and thus,
high levels of lipidome unsaturation, may force the S. pombe Mga2 to operate at the upper limit of its dynamic range. (A,B,E) Data are rep-
resented as average + SD (n =3 biological repeats). P-values were derived from two-tailed unpaired t-test. (A,E) Revert 700 stain was used to
visualize total protein loading. The quantification, expressed as arbitrary units, is shown below the blot. (D,F) Data are represented as average
+8D (n =3 biological repeats). P-values were derived from one-way ANOVA followed by multiple comparisons with FDR correction (Benja-
mini, Krieger, and Yekutieli).
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features within the upstream regulatory sequence of
S. pombe olel allow for high basal expression of this gene.

Based on our findings, we favor a model where the dy-
namic range of lipidome unsaturation sensed by Mga2 in
S. pombe has been redefined to accommodate the high
baseline, Mga2-independent, expression of olel, likely
driven by evolutionary invasion of a low-complexity re-
gion in its upstream noncoding sequence. When the lipi-
dome is highly unsaturated at steady state, the Mga2-
dependent homeostasis mechanism can only operate at
the upper limit of the parameter space, preventing ex-
treme unsaturation. We hypothesize that S. pombe has be-
come “addicted” to massive glycerophospholipid
unsaturation, with high Mga2 basal cleavage/activation
required to support this state, leaving little capacity for
further response. Conversely, in S. japonicus the expres-
sion of olel is almost fully dependent on Mga2. In this
case, Mga2 operates within a broader dynamic range, re-
taining a capacity for bidirectional regulation upon pertur-
bations to membrane order. Thus, we hypothesize that
the species-specific differences in the sequence of the
Mga2 juxtamembrane domain determining its cleavage
efficiency may have evolved to sustain distinct dynamic
ranges of lipidome unsaturation set by differences in
olel baseline expression (Fig. 5H).

Discussion

Both in S. pombe and S. japonicus, Mga2 positively regu-
lates the expression of a conserved set of genes related to
lipid metabolism (Fig. 1C-E; Burr et al. 2016; Mare$ova
et al. 2024). The S. japonicus Mga2 may have additional
target genes, consistent with its broader impact on cellu-
lar physiology, as compared to S. pombe (Fig. 1C,D,I; Sup-
plemental Fig. S1A,B). The rewiring of the Mga2 regulon
could be due to the evolutionary reshuffling or the relaxed
nature of the Cbfll binding motifs, additional interac-
tions of Mga2 with another transcription factor, or differ-
ences in other cis-regulatory elements or chromatin
architecture at target genes (Li and Johnson 2010). Given
that the transcriptional activator domains of S. pombe
and S. japonicus Mga2 proteins can functionally substi-
tute for each other (Supplemental Fig. S3A-D), our data
suggest that the trans-specificity of Mga2 is conserved
whereas the cis-regulation may have been rewired. Also,
the extent of the transcriptional response may be in-
creased if new cis-elements arise in the regulatory se-
quences of genes encoding other transcriptional
regulators. In line with that, only in S. japonicus but not
S. pombe, the transcription factor TFIIH tfb4 has a puta-
tive Cbfll-binding site and is positively regulated by
Mga2 (Supplemental Tables S5, S6 in Supplemental
Data S2).

Of note, the relationship between Mga2 and Cbfl1 re-
sembles that between the Notch receptors and the
CSL transcription factors governing cell-cell communi-
cation and developmental decisions in metazoans
(Bray 2006). Although the Notch receptor resides at the
plasma membrane whereas the Mga2 precursor is locat-
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ed at the ER, both are single-pass transmembrane pro-
teins activated through proteolytical cleavage, albeit
via different mechanisms. In both cases, cleavage releas-
es an ankyrin repeat containing fragment that translo-
cates to the nucleus, where it interacts with a CSL-
family transcription factor to regulate gene expression
(Kovall 2007). Thus, similar regulatory logics may be
harnessed in evolution to regulate different physiologi-
cal processes.

The gene encoding the A9-desaturase olel is a critical
target of Mga2 in both species (Fig. 1; Supplemental Fig.
S1). However, the operational settings for Mga2-depen-
dent lipidome homeostasis in S. pombe and S. japonicus
are different. Not only the two species differ profoundly
in the extent of membrane unsaturation, but the S. japoni-
cus membranes are also rich in asymmetrical glycero-
phospholipids (Supplemental Fig. SIH; Makarova et al.
2020; Rao et al. 2025) and contain the bacterial sterol
mimics hopanoids alongside the eukaryotic sterols (Rao
et al. 2025). So, what are the membrane features sensed
by Mga2 and how has Mga2 evolved?

Our data show that both S. pombe and S. japonicus
Mga2 proteins appear to sense changes in lipid packing
through the comparable rotational mechanism as the
S. cerevisiae homolog (Fig. 2D-F; Supplemental Fig.
S2A-D). Although the contribution of the two key, evo-
lutionarily conserved TMH residues to Mga2 cleavage
at steady state differs between the three species, their
role in responding to changes in membrane lipid satura-
tion is conserved. It is likely that most TMH amino
acid residues contribute to a highly dynamic dimer inter-
face, which could be additionally influenced by the sur-
rounding membrane context (Covino et al. 2016).
Interestingly, the activation thresholds of S. pombe and
S. japonicus Mga2 proteins have diverged (Fig. 2A-C).
The species-specific activation patterns are encoded
within the 55 amino acid region within the juxtamem-
brane domain of Mga2 (Figs. 3, 4). The juxtamembrane
domain, which includes the putative E3 ubiquitin ligase
binding site and an intrinsically disordered region that
extends to the TMH, is thought to act as a flexible linker
that transmits the signal sensed by the TMH to the sites
of ubiquitination, promoting Mga2 processing (Ballweg
et al. 2020). S. pombe and S. japonicus have three homo-
logs of Rsp5 E3 ligase that polyubiquitinates Mga2 in
budding yeast (Shcherbik et al. 2003; Covino et al.
2016; Ballweg et al. 2020). Suggesting that the ubiquiti-
nation machinery and its target recognition are con-
served, the deletion of the putative E3 ubiquitin ligase
binding site abolishes Mga2 cleavage in both species
and the S. japonicus Mga2 transplanted into S. pombe
is capable of responding to oleic acid (Fig. 2E-G). In addi-
tion, swapping the extended PPPY motif in the S. pombe
Mga2 sensor to the S. japonicus version does not affect
Mga2 processing (Fig. 4B,D; Supplemental Fig. S4C).
We hypothesize that it is the structural divergence in
the juxtamembrane region, which alters the accessibility
of the E3 ligase binding site and/or nearby lysine resi-
dues, that sets the S. pombe Mga2 more prone to cleavage
than its S. japonicus counterpart.
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Intrinsically disordered regions often evolve rapidly due
to weaker structural constraints, thus serving as hotspots
for rapid adaptation to changing conditions (Stormo et al.
2024). Of interest, the intrinsically disordered sequence
within the identified 55 amino acid region is the most
divergent part of the Mga2 C terminus between all Schiz-
osaccharomyces species, yet it is highly conserved within
S. pombe natural isolates, suggesting that it remains func-
tionally constrained in an individual species (Fig. 4F,G).
Although these regions exhibit comparable degree of dis-
order, other sequence properties such as hydrophobicity
(Park et al. 2025) may underlie the distinct S. pombe and
S. japonicus Mga2 activation patterns. Tweaking an in-
trinsically disordered linker may allow the organisms to
set different activation thresholds while maintaining the
conserved mechanism of sensing.

Our results on lipidome adjustment during steady-state
growth of both fission yeasts at different temperatures are
consistent with glycerophospholipid FA asymmetry act-
ing as an alternative to FA unsaturation to maintain mem-
brane fluidity (Fig. 1A,B; Meyer and Bloch 1963; Panconi
et al. 2023; Rao et al. 2025). Of note, the asymmetrical
glycerophospholipids assemble considerably thinner
membranes in vitro (Rao et al. 2025). In line with that, a
subset of S. japonicus single-pass transmembrane proteins
functioning at the interface between the ER and other cel-
lular organelles exhibit shorter TMHs as compared to oth-
er fission yeasts (Makarova et al. 2020). Despite the
abundance of asymmetrical glycerophospholipids in S.
japonicus, which do confer membrane disorder, Mga2 ac-
tivation in this organism still depends on the degree of lip-
idome unsaturation (Fig. 2A,B). We favor a hypothesis that
asymmetrical saturated and symmetrical unsaturated
glycerophospholipids may be enriched in different nano-
domains within the ER membrane, and the relatively
long TMH of Mga2 (22 amino acids) may partition it
into the thicker nanodomains containing symmetrical
unsaturated glycerophospholipids to minimize hydropho-
bic mismatch. In this way, Mga2 would be sensitive spe-
cifically to its local environment. Additionally,
asymmetrical saturated and symmetrical unsaturated
glycerophospholipids may interact differently with hopa-
noids and ergosterol, contributing to the definition of
membrane nanodomains with different physicochemical
properties.

The highly abundant Olel in S. pombe (the expression
of which is not controlled tightly by Mga2) pushes the lip-
idome toward unsaturation. The high baseline expression
of ole1 in this organism depends on the upstream noncod-
ing region. Although S. pombe and S. japonicus olel pro-
moters both contain the Cbfl1 binding sites close to the
TATA box, in S. pombe these elements lie within a low-
complexity region rich in poly(dA:dT) tracts that is absent
from S. japonicus or other fission yeasts (Fig. 5C; Supple-
mental Fig. S5C). Importantly, the S. japonicus promoter
region fails to sustain Mga2-independent olel expression
at the levels required for S. pombe viability and growth
at low temperatures (Fig. 5D-G; Materials and Methods).
Genomic regions containing homopolymeric poly(dA:dT)
tracts are prone to higher mutation frequencies (Tran et al.
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1997; Ma et al. 2012). It is possible that slippage-mediated
mutations in S. pombe olel noncoding region have rear-
ranged the sequence, increasing the baseline expression
through incorporation of additional cis-elements and/or
promoting chromatin accessibility. The larger 18 kb locus
upstream of olel contains several S. pombe-specific genes
(Supplemental Fig. S5C), further indicating that this geno-
mic region constitutes a hotspot for evolutionary
innovation.

Our results are consistent with coevolution between
cis- and trans-regulatory elements regulating ole1 expres-
sion. The high baseline olel expression in S. pombe,
which may have arisen from local chromosome rearrange-
ments affecting its upstream regulatory region, has dra-
matically increased the steady-state levels of lipidome
unsaturation in this organism, as compared to S. japoni-
cus. In this context, Mga2 would need to operate close
to the upper limit of the dynamic range of lipidome unsa-
turation. Changes within the juxtamembrane region that
increase the propensity of Mga2 to undergo cleavage may
therefore have been selected as a mechanism to cope with
this lipid environment. They would allow S. pombe to
support high but not extreme levels of glycerophospholi-
pid unsaturation, compatible with optimal fitness (Fig.
5H). Indeed, evolutionary remodeling of promoter archi-
tecture is frequently accompanied by changes in regulato-
Ty proteins to maintain an appropriate expression output
for organismal physiology (Tirosh et al. 2009; Li et al.
2012; Shi et al. 2012).

When growing at different temperatures, S. pombe reg-
ulates the glycerophospholipid FA tail asymmetry—typ-
ically a minor feature of its lipidome—rather than
regulating its abundant unsaturation. Conversely, S.
japonicus, rich in asymmetrical glycerophospholipids,
regulates its typically low FA unsaturation (Fig. 1A,B).
Our work highlights an important design principle in ho-
meostatic networks, which is the regulation of minor
rather than highly abundant features. If the sensed cellu-
lar property is too abundant, with the system operating
close to the upper limit of physiologically relevant pa-
rameter space, the dynamic range of sensing collapses
and the regulator now must function to prevent the over-
load (Fig. 5H). By demonstrating how conserved homeo-
static circuits can be remodeled in evolution, this study
advances our understanding of the mechanisms that con-
fer robustness and adaptability to cellular regulatory
networks.

Materials and methods

Fission yeast strains, growth conditions, and drug
treatments

The S. pombe and S. japonicus strains used in this work
are listed in Supplemental Table S1 in Supplemental
Data S4. All strains were prototrophic. Standard fission
yeast media and culture methods were used (Moreno
et al. 1991; Furuya and Niki 2009; Aoki et al. 2010;
Petersen and Russell 2016). For liquid cultures, cells
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were routinely grown in rich yeast extract with supple-
ments medium (YES) or Edinburgh minimal medium
(EMM) containing the following supplements: 93.75 mg/
L adenine, 75 mg/L uracil, 75 mg/L histidine, and 75
mg/L leucine in 200 rpm shaking incubators at 30°C, un-
less otherwise stated. Typically, cells were precultured in
YES or EMM over 8 h, followed by dilution to appropriate
ODs95 and subculture overnight to reach mid-exponential
phase (ODso5 0.4-0.6) the following morning. For cell
treatment with oleic acid (C18:1, Sigma-Aldrich) a 3.2m
oleic acid stock was prepared in DMSO, which was used
to prepare a diluted 250 mM oleic acid stock in YES.
The resulting solution was incubated for at least 1 h at
room temperature on a rocking platform to allow com-
plete mixing of the fatty acid in the media. Final oleic
acid concentration added to the cultures was 0.5 mM, ex-
cept for the experiments involving the use of S. pombe
Mga2 sensor constructs (Figs. 3, 4; Supplemental Figs.
S3, S4), which required 1 mM oleic acid final concentra-
tion due to the lack of Mga2 transcriptional activator
domain. Cerulenin (Sigma-Aldrich) treatment was per-
formed by adding the drug to the cell cultures at a final
concentration of 10 ptM from a 10 mM stock in DMSO.
Bortezomib (Sigma-Aldrich) was added to the cell cultures
at a final concentration of 125 pM from a 10 mM stock in
DMSO. S. pombe and S. japonicus mating was induced on
SPA solid medium containing supplements as above at
25°C. Spores were dissected and germinated on YES agar
plates using a dissection microscope (MSM 400, Singer
Instruments).

Materials

D-glucose anhydrous (G/0450/60) was purchased from
Thermo Fisher. Bacteriological agar (LPOO11B) was pur-
chased from Oxoid. Sodium phosphate dibasic dihydrate
(71643), potassium hydrogen phthalate (P1088), ammoni-
um chloride (A9434), adenine hemisulfate salt (A9126),
L-histidine (H8000), L-leucine (L8000), uracil (U0750),
sodium sulfate (239913), DMSO (D8418), oleic acid
(01008), cerulenin (C2389), bortezomib (5.04314), trichlo-
roacetic acid (T6399), acetone (179124), methanol (34860),
and ethanol (32221) were purchased from Sigma-Aldrich.
NEBridge Golden Gate assembly kit (E1601S) and NEBu-
ilder HiFi DNA assembly master mix (E2621L) were pur-
chased from New England Biolabs. NuPage 4%-12% BT
gels (NP0321BOX), NuPage MOPS SDS running buffer
(NP0O001), NuPage transfer buffer (NP0O006-1), and NuPage
LDS sample buffer (NPO007) were purchased from Invitro-
gen. Nitrocellulose membranes 0.2 pm (1620112) were
purchased from Bio-Rad. Mouse anti-GFP monoclonal an-
tibody (11814460001) was purchased from Roche. Mouse
anti-p-Actin monoclonal antibody (8224) was purchased
from Abcam. Revert 700 total protein stain kit (926-
11010) and IRDye 800CW goat antimouse IgG (926-
32210) were purchased from LI-COR. RNeasy Plus mini
kit (74134) and RNase-free DNase set (79256) were pur-
chased from Qiagen. RevertAid first strand cDNA synthe-
sis kit (K1622) was purchased from Thermo Fisher. Probe
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Blue Mix Lo-ROX (PB20.21-01) was purchased from
qPCRBIO.

Molecular genetics

All primers are listed in Supplemental Table S2 in Supple-
mental Data S4. Molecular genetics manipulations were
performed using PCR-based (Bihler et al. 1998) or plas-
mid-based (Keeney and Boeke 1994) homologous recombi-
nation. A PCR-based method was used to knock out S.
pombe and S. japonicus mga2, as well as to tag Olel at
the C terminus using kanR or natR as selection markers.
Plasmids used to N-terminally tag S. pombe and S. japoni-
cus Mga2 with GFP were obtained by Golden Gate clon-
ing using NEBridge Golden Gate assembly kit (New
England Biolabs). The rest of the plasmids used to obtain
S. pombe and S. japonicus mutants were assembled using
the Gibson Assembly Master Mix (New England Biolabs).
All plasmids are listed in Supplemental Table S3 in Sup-
plemental Data S4. All constructs were verified by se-
quencing. S. japonicus cells were transformed by
electroporation (Aoki et al. 2010). S. pombe transforma-
tion was performed using lithium acetate and heat shock
(Moreno et al. 1991). Transformants were selected on YES
agar plates containing G418 (Sigma Aldrich) or nourseo-
thricin (HKI Jena).

S. pombe and S. japonicus Mga2 sensor constructs swap-
ping the juxtamembrane domain (Juxtam>® and Juxtam®")
were generated by replacing the 123 amino acids immedi-
ately upstream of the transmembrane helix (TMH) with
the corresponding sequence from the other species (S.
pombe residues: 992-1114; S. japonicus residues: 967-
1089). S. pombe Mga2 sensor construct carrying the S. japo-
nicus TMH (TMHS7) was generated by substituting the 22
amino acids corresponding to the TMH with the cognate
22 amino acid sequence from S. japonicus. The construct
carrying the S. japonicus amphipathic helix (AH57) was ob-
tained by replacing the last 20 amino acids of S. pombe
Mga2, including five residues of the TMH, with the last
21 amino acids of S. japonicus C-terminal sensor domain,
also including 5 amino acids of the TMH.

To test the viability of S. pombe mutants lacking a 1.6
or 2.8 kb fragment of the low-complexity region upstream
of ole1 ORF, a genomic copy of the 1.6 or 2.8 kb fragment
was knocked out from S. pombe diploid cells that were ob-
tained by heteroallelic complementation between the
ade6-M210 and ade6-M216 mutant alleles as described
by Ekwall and Thon (2017). Diploid transformants were
selected on Pombe Glutamate Medium (PMG) minus ad-
enine containing twice the usual concentration of G418
(Sigma Aldrich). Viability of the resultant mutants was as-
sayed by tetrad dissection (20 tetrads per deletion) and
spore germination on YES agar plates, followed by repli-
ca-plating of the germinated spores on YES agar plates
containing G418 (Sigma Aldrich). We found that 62 out
of 80 progeny were able to form colonies in the case of
the mutant lacking 1.6 kb, from which 30 out of 62 germi-
nated spores were knockout mutants. Only 32 out of 80
spores formed colonies in the case of the mutant lacking
2.8 kb, from which we recovered 0 knockout mutants.
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ESI-MS-based lipidomic analysis

Lipid standards were purchased from Avanti Polar Lipids.
Solvents for extraction and MS analyses were liquid chro-
matography grade (Merck) and Optima LC-MS grade
(Thermo Fisher Scientific), as applicable. All other chem-
icals were the best available grade purchased from Sigma-
Aldrich or Thermo Fisher Scientific.

Exponentially growing S. pombe and S. japonicus cell
cultures were grown in EMM at 30°C or the indicated
temperature to mid-exponential phase and 10 ODs were
harvested via filtration, then snap-frozen in liquid nitro-
gen. Cellular lipids were extracted and analyzed using pre-
viously described methods (Makarova et al. 2020).
Lipidomics data are expressed as mol% of polar lipids un-
less otherwise stated; polar lipids include all measured lip-
ids except DG and TG. Double-bond index (DBI), average
chain length and average lipid species profile was calculat-
ed for the sum of major GPLs (PC, PI, PE, and PS). DBI was
calculated as 3[db x [GPLi)]/2(GPLi), where db is the total
number of double bonds in fatty acyls in a given GPL spe-
cies, and the parentheses indicate the mole percentage of
GPLs. Average chain length was calculated as X[Cx
(GPLi)]/=(GPLi), where C is the total number of carbons
in fatty acyls in a given GPL, and the parentheses indicate
the mole percentage of GPLs. ESI-MS quantification de-
tails for internal standards are in Supplemental Table S4
in Supplemental Data S1.

RNA isolation

S. pombe and S. japonicus cell cultures were grown in
EMM unless otherwise stated to mid-exponential phase
and 10 ODs were collected. Total cellular RNA was ex-
tracted using RNeasy Plus mini kit (Qiagen). Removal of
genomic DNA from samples was performed during purifi-
cation by on-column DNA digestion using RNase-free
DNase set (Qiagen).

RNA sequencing and analysis

Strand-specific mRNA-seq libraries for the Illumina plat-
form were generated and sequenced at the Genomics Sci-
ence Technology Platform (STP) at the Francis Crick
Institute. mRNA libraries were prepared using NEBNext
Ultra II Directional PolyA mRNA enrichment with the
subsequent quality control using Agilent Technology
TapeStation system. A 200-cycle single read sequence
run was performed on the NovaSeq 6000 Illumina
instrument.

Raw sequence data was mapped to the S. pombe and
S. japonicus genome using a Galaxy server pipeline
(https://www.usegalaxy.org). Quality assessment of the
reads was performed using FastQC module. Adapter se-
quences and low-quality bases were removed with the
Cutadapt module, applying a minimum quality score cut-
off of 20 and a minimum read length of 20 bp. Cleaned
reads were aligned to the S. pombe and S. japonicus refer-
ence genomes using the HISAT2 module with default pa-
rameters. Alignment quality was assessed using the
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MarkDuplicate, “gene body coverage,” Samtools IdxStats,
and the “gene body coverage” modules. The resulting
BAM files were sorted and indexed for downstream analy-
sis. Read counts per gene were quantified using feature-
Counts module, wusing the corresponding GTF
annotation files. Differential gene expression analysis
was performed using DESeq2 module. Differentially ex-
pressed genes (DEGs) were defined as those with an adjust-
ed P-value (Benjamini—-Hochberg correction) < 0.05 and an
absolute log, fold change >0.5 (Fig. 1C,D; Supplemental
Fig. S3B). Data were analyzed using “DESeq2” R package
(Love et al. 2014). Functional enrichment analyses were
performed using g:Profiler (Kolberg et al. 2023). Note
that functional enrichment analysis of S. japonicus
DEGs was inferred using S. pombe gene ontology annota-
tions via orthology mapping (69 % of genes were mapped).
Genes with fold change log, values higher than 0.32 or
lower than —0.32 and P<0.05 were considered for the
analysis of commonly regulated genes (Fig. 1E). Data
were plotted using “ggplot2” and “ComplexHeatmap” R
packages (Gu et al. 2016; Wickham 2016; Gu 202.2). Lists
of DESeq2 results are presented in Supplemental Tables
S1 and S2 in Supplemental Data S2.

Reverse transcription and real-time quantitative
PCR (RT-gPCR)

Reverse transcription was performed as previously de-
scribed by Makarova et al. (2020) using oligo(dT) with first
strand cDNA synthesis kit (Roche). gPCRBIO Probe Blue
Mix Lo-ROX was used for the real-time qPCR (RT-qPCR)
assay with primers generated using Primer-BLAST tool
(Ye et al. 2012) from the National Institute of Health
(NIH). RT-qPCR was performed on a LightCycler 96 In-
strument (Roche Diagnostics) in three biological and
three technical repeats. For relative quantifications, RT-
qPCR signal was normalized to actin expression levels.
For absolute quantification of sfGFP mRNA abundance,
a standard curve was generated using 1:10 serial dilutions
of the digested plasmid pSO895, ranging from 10® to 10%
ng/pL.

Western blotting

S. pombe and S. japonicus cell cultures were grown in YES
to mid-exponential phase and five ODs were pelleted at
2103g for 1 min, and liquid medium was removed. Cells
were washed in 1 mL of ice-cold dH,O, and cell pellets
were snap-frozen in liquid nitrogen. Next, cells were re-
suspended in 1 mL of ice-cold water, and 110 pL of ice-
cold TCA was added, and proteins were precipitated for
1 h on ice. Lysates were pelleted for 10 min at 18,213g at
4°C in an Eppendorf centrifuge. Pellets were washed
once with 1 mL of ice-cold acetone. After removing the su-
pernatant, pellets were dried in a speed-vac (Eppendorf) for
2 min at room temperature. Pellets were resuspended in
300 pL of boiling buffer (50 mM Tris at pH 8.0, 1 mM
EDTA, 1% SDS) and transferred to prechilled screw-cap
tubes with zirconium beads. Lysates were disrupted using
a MP Biomedicals cell disruptor twice for 15 sec at 4°C
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and 6.5 m/sec with 2 min of cooling down on ice in be-
tween. Lysates were extracted from the beads by piercing
the tubes using a hot needle and spun down at 526g for 3
min at 4°C. Debris were removed by spinning down ly-
sates at 1383g for 4 min at room temperature. Lysates
were then boiled for 5 min at 95°C. Next, 100 pL of 4x
sample buffer with 10% p-mercaptoethanol was added
and lysates were heated at for 10 min at 65°C. Twenty mi-
croliters of lysate was loaded per lane on a NU-PAGE 4 %-—
12% Bis-Tris gel (Invitrogen) and run for 2.5 h at 130
V. Proteins were transferred to 0.2 pm nitrocellulose mem-
branes (Bio-Rad) for 1 h at 100 V. After transfer, membranes
were blocked for 1 h with TBST buffer containing 5%
skimmed milk and then incubated overnight with mouse
a-GFP (Roche) or mouse a-B-Actin (Abcam) antibodies.
Membranes were washed with TBST and incubated for 1
h in TBST buffer with IRDye800-conjugated a-mouse anti-
body (LI-COR Biosciences). Total protein levels were de-
tected using the LI-COR Revert 700 total protein stain
kit (LI-COR Biosciences). Proteins were detected using a
ChemiDoc MP system (Bio-Rad). Samples were collected
as at least three biological replicates. Quantification was
performed using Fiji (Schindelin et al. 2012).

Cell growth assays

For growth rate determination S. pombe and S. japonicus
cells were grown overnight in YES at 30°C or the indicated
temperature until early exponential phase. For experi-
ments in the presence of oleic acid (Sigma-Aldrich), treat-
ment was performed as indicated above. Cultures were
then diluted to ODso5 0.1-0.15 with the same medium
and loaded into a 96 well plate. Growth was measured ev-
ery 60 min at the corresponding temperature using VIC-
TOR Nivo multimode plate reader (PerkinElmer).
Growth rates were calculated using the Growthcurver R
package (Sprouffske and Wagner 2016). Experiments
were repeated at least three times.

Microscopy and image analysis

Prior to imaging, 1 mL of cell culture was concentrated to
50 pL by centrifugation at 1500g for 1 min. Two microli-
ters of cell suspension was loaded under a 22 x22 mm
glass coverslip (VWR; thickness: 1.5). Fluorescence imag-
es were acquired using Yokogawa CSU-X1 spinning disk
confocal system with Eclipse Ti-E inverted microscope
with Nikon CFI Plan Apo Lambda 100x oil N.A.=1.45
oil objective, 600 series SS 488 nm SS 561 nm lasers and
Andor iXon Ultra U3-888-BV monochrome EMCCD cam-
era controlled by Andor IQ3. Single plane images with in-
verted LUT (look-up-table) are shown.

Image analysis was performed using Fiji (Schindelin
et al. 2012). Within the same experiment and for the
same species, images are directly comparable as they are
adjusted to equal brightness and contrast levels. Images
of S. pombe and S. japonicus cells expressing GFP-Mga2
(Fig. 2B; Supplemental Figs. S2B-E, S3E,F, S4C) were cor-
rected for autofluorescence using the plugin SAIBR for
Fiji (Rodrigues et al. 2022).
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Genetic crosses between polelS* /polel1S
and mga2A S. pombe mutants

We dissected 27 tetrads (108 spores) from genetic crosses
between S. pombe pole1S? (S09614) or polelS’
(SO9573) and mga2A (SO8632) strains. If the double mu-
tant from the corresponding cross were viable, the expect-
ed double mutant progeny would be 27 out of 108 (25%).
We found that crosses between the single mutants led to
overall high spore lethality, likely due to a combination
of lethality of the double mutants, or sporulation defects
of the single mutants. In crosses between pole1? and
mga2A, 65 out of 108 progeny were able to form colonies
and out of 65 germinated spores, we recovered 12 double
mutants. In crosses between pole15’ and mga2A mutants
44 out of 108 spores germinated, from which we recovered
0 double mutants.

Serial dilution growth assays

S. pombe cells were precultured overnight in YES at 30°C
until early exponential phase. Cultures were then diluted
to ODso5 0.1, and serial 10-fold dilutions were spotted on
YES agar plates. Plates were incubated at the indicated
temperatures for 3 days (24°C, 32°C, and 36°C) or 5 days
(16°C). Plates were then scanned using a ChemiDoc MP
System (Bio-Rad). Experiment was repeated three times
with comparable results, and a representative experiment
is shown in Figure 5G.

Bioinformatics

S. pombe and S. japonicus genomic and protein sequences
were downloaded from PomBase (Rutherford et al. 2024)
and JaponicusDB (Rutherford et al. 2022), respectively. Se-
quences from other yeasts were downloaded from Ensembl
Fungi (Yates et al. 2022). We noticed that S. japonicus Mga2
protein sequence was truncated in JaponicusDB and
Ensembl Fungi because of a wrongly predicted intron. To
obtain the correct sequence, we performed random-primer
reverse transcription followed by PCR amplification and se-
quencing of the resulting cDNA amplicon. We did not
detect any evidence for splicing. It was confirmed by the
analysis of RNA-seq read coverage. The corrected protein
sequence can be found in Supplemental Table S4 in Supple-
mental Data S4. Enrichment analysis of putative Cbf11-
binding motifs was performed using Simple Enrichment
Analysis (SEA) tool from MEME suite (Bailey and Grant
2021) with default parameters. Sequences were aligned us-
ing Clustal Omega multiple sequence alignment tool (Ma-
deira et al. 2024) using default parameters and represented
using ESPript 3.0 (Robert and Gouet 2014). Transmem-
brane helices were predicted using TMHMM 2.0 (Krogh
et al. 2001) using default parameters. Natural variation in
S. pombe for mga2 were retrieved from a SnpEff-annotated
VCE file of 161 S. pombe isolates (including 57 nonclonal
strains) from (Jeffares et al. 2015). The VCEF file was down-
loaded from figshare (https://www.figshare.com/articles/
dataset/SNP_calls_for_all_161_strains_/3978303?file=621
7275). BCFtools (Danecek et al. 2021) (version 1.11) index
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was used to create an index file for the VCF file. BCFtools
query was used to extract genetic variation for mga2 and
predicted effects from the following genomic range:
chrl:4,125,212-4,128,667. The bash scripts to download,
compress and create index file (prepareinputs.sh) and to re-
trieve variation (variantexplorer.sh) are available on the fol-
lowing git repository: https://www.github.com/billardb/
pombe-variant-explorer.git. Single nucleotide variants
located in mga2, along with their predicted effects are
presented in Supplemental Table S1 in Supplemental
Data S3.

Statistics and reproducibility

The statistical details of experiments, including the num-
ber of biological and technical replicates and the disper-
sion and precision measures are in the figure legends,
the supplemental figure legends, and the Materials and
Methods. Data in Figures 2, A, C, andE-I; 3, C andE; 4,
C-E; and 5, D andF and Supplemental Figures S3, C and
D, and S4B were analyzed using one-way ANOVA fol-
lowed by multiple comparisons. Resulting P-values were
adjusted for multiple testing by controlling the false dis-
covery rate (FDR) using the two-stage step-up method of
Benjamini, Krieger, and Yekutieli (Q=0.05). Adjusted P-
values (g-values) are reported. Data shown in other panels
were analyzed using unpaired t-test statistical analysis,
unless indicated otherwise. All plots were generated using
GraphPad Prism 10. No data were excluded in the cell bi-
ological and physiological experiments.

Resource availability

All plasmids and strains are available upon reasonable re-
quest. All study data are included here and in the Supple-
mental Material. Any additional information required to
reanalyze the data reported here is available upon reason-
able request. Custom scripts are publicly available at https
:/[[www.github.com/billardb/pombe-variant-explorer.git.
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