TIBS 1564 No. of Pages 15

Cell

REVIEWS

Med15: Glutamine-Rich Mediator Subunit with

Potential for Plasticity

David G. Cooper' and Jan S. Fassler'*

The Mediator complex is required for basal activity of the RNA polymerase (Pol) Il
transcriptional apparatus and for responsiveness to some activator proteins.
Med15, situated in the Mediator tail, plays a role in transmitting regulatory infor-
mation from distant DNA-bound transcription factors to the transcriptional appa-
ratus poised at promoters. Yeast Med15 and its orthologs share an unusual,
glutamine-rich amino acid composition. Here, we discuss this sequence feature
and the tendency of polyglutamine tracts to vary in length among strains of Sac-
charomyces cerevisiae, and we propose that different polyglutamine tract
lengths may be adaptive within certain domestication habitats.

RNA Pol Il Mediator Complex and the Potential for Specialized Functions

RNA Pol Il Mediator (Box 1) is a large multisubunit complex that communicates regulatory signals
between distant transcription factor (TF) binding sites and the preinitiation complex (PIC) at gene
promoters, while simultaneously promoting or stabilizing PIC formation [1,2]. In addition to its
conserved role in promoting PIC formation, Mediator also regulates a variety of postinitiation
events from transcriptional elongation, splicing, and termination to DNA looping, chromatin struc-
ture, and histone and DNA methylation [3-6]. Based on its 3D shape, Mediator is subdivided into
regions known as the head, middle, tail, and kinase modules [7,8]. Subunits of the head and mid-
dle modules, plus the architectural scaffold subunit, Med14, constitute the essential Mediator
core [3,9] which interacts with RNA Pol Il and the PIC [10,11]. Tail subunits are best known for
their interactions with enhancer-bound TFs, while the kinase module, the only module with enzy-
matic activity, is known to cause transcription repression [12,13] by inhibiting a conformational
change that opens up a pocket containing the RNA Pol Il binding surface [14-16]. Generally
speaking, Mediator core is important for basal gene expression, whereas the tail and kinase mod-
ules confer more specialized regulatory activities [17,18].

Like many large complexes on which eukaryotic cells rely, the subunit composition of Mediator
varies with the organism and in animals there are different subunits in different cell types [19,
20], as well as different isoforms of the kinase module [21-23]. Complexes with organism-
specific subunit compositions are likely to have additional functions in gene expression that are
not fully understood. In this article we raise the possibility that additional levels of specialization
may be afforded by variation in the length of polyglutamine (poly-Q) tracts (see Glossary)
and other low-complexity regions found in some Mediator subunits.

The focus of this perspective is the Mediator tail subunit, Med15, which is notable for its unusual
abundance of low-complexity amino acid sequence content [24,25]. We describe the sequence
and structural features of Med15, including the underlying low-complexity sequence that consists
primarily of long poly-Q tracts. We also consider whether this and other unusual Med15 sequence
features could explain its rapid evolution while simultaneously providing fitness benefits. In partic-
ular, we note that poly-Q tract length in Med15 varies in Saccharomyces cerevisiae strains with
different domestication histories, and because low-complexity sequence is known to be adaptive
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Box 1. Mediator and Other Coactivator Activities

The failure of in vitro systems to support activator-dependent transcription despite the presence of both activators and the
basal transcriptional machinery [71,122,123] led to the suggestion that activation might be indirect, involving a coactivator
protein or complex that could physically bridge the distance between the activator, frequently bound to sequences sub-
stantially up or downstream of the gene promoter, and the PIC associated with the promoter. Among the coactivator ac-
tivities later identified by their ability to stimulate transcription in vitro, was Mediator, which appeared to be just such a
bridge [10,70,71]. Based on the behavior of deletion and point mutant alleles [24,25,64,124,125], GAL11 and the SRB
genes were considered excellent candidates for genes encoding Mediator subunits. Purification and characterization of
holo-Pol Il revealed numerous polypeptides that were neither subunits of Pol Il nor general TFs, and immunoblotting
showed that Gal11, Srb5, Srb2, and Srb6 proteins [10], now renamed Med15, Med18, Med20, and Med22 [81] for their
role in Mediator, were among them. The global impact of mutations in the yeast Mediator core subunit gene, MED17 [13],
or in response to conditional degradation of the Med14 subunit which makes extensive contacts with proteins in all three
mediator modules [126], underscores the requirement of Mediator for most, if not all Pol Il transcription.

It was initially difficult to square the bridging model of Mediator function with chromatin immunoprecipitation experiments
showing Mediator association with enhancers but not with core promoters [45]. However, genetic and biochemical tricks
leading to stabilization of otherwise transient Mediator interactions have recently allowed the detection of Mediator (lacking
the kinase domain) at core promoters [18,127,128]. Thus, current models of Mediator function suggest that the enhancer
is transiently linked to the core promoter by Mediator but that the dwell time of Mediator at the core promoter is limited.
During the initiation process, phosphorylation of the RNA Pol Il C-terminal domain causes Mediator dissociation, thereby
permitting rapid escape of Pol Il from the PIC [128]. The transient nature of the enhancer-promoter bridge represents a
significant departure from initial Mediator models [129].

in other contexts [26-30], we raise the idea that the enrichment of certain variants in specific do-
mestication niches might reflect functional adaptations.

The Med15 Tail Subunit Is a Global Regulator of Gene Expression

MED15 was identified in various genetic screens for genes affecting gene expression [31-35]
(Box 2), even before the need for Mediator activity was fully appreciated. Phenotypically,
med15 mutants are viable, but highly pleiotropic. For example, S. cerevisiae med15 mutants
have reduced growth rate on galactose or fatty acids as sole carbon source [31,36], increased
sensitivity to heat, oxidant, osmotic stress, low pH, and desiccation [37-41], and reduced mating
and pheromone response [24]. Furthermore, reduced respiratory, fermentative, and anaerobic
growth [25,42,43], altered chromatin structure and position effect at the telomere [34], and re-
duced flocculation [44] are also observed.

Box 2. MED15 — A Historical Perspective

The yeast GAL117 gene, now known as MED15, was renamed in 2004 [81] to reflect its role as a subunit of the Mediator
complex. This gene has a large number of aliases (GAL11, ABE1, SPT13, RAR3, and SDS4) [24,31-35,124], reflecting its
isolation in quite a few genetic screens. For example, the GAL71 moniker is derived from the impact of mutations on the
expression of galactose-inducible genes and hence the ability to use galactose as carbon source [31], and SPT13
(Suppressor of Ty) came from the ability of mutations to suppress the phenotypes caused by insertion mutations of
retrotransposons known as Ty elements [32]. Many of the mutant phenotypes are consistent with a positive regulatory role
(similar to that of known TFs) for the Gal11/Spt13 gene product. However, analysis of the Spt phenotype revealed negative
regulation and later experiments confirmed that loss of function mutations in this gene could either increase or decrease
expression of different target genes [24,88]. A second unusual characteristic of the Gal11/Spt13 protein is the absence of
evidence of a DNA-binding domain or any DNA-binding activity. At the time, regulation of gene transcription was believed
to be the result of the binding of one or more proteins to DNA sequences near the target gene, with direct contact between
the activation domain and the transcription initiation machinery. Thus, it was the initial identification and characterization of the
GALT1 gene that tipped scientists off to the existence of a new type of transcriptional activator. Other genetic screens
identified additional genes including RGR1 (VED14), SIN4 (MED16), and HRS1/PGD1 (MED3), in which mutations caused
phenotypes reminiscent of GAL11/MED15 that were attributable to both positive and negative effects on gene expression
[180-132]. The earliest models of Mediator in which Sin4 (Med16), Gal11 (Med15), and p50 (Med3) form a subcomplex, tied
to the body of Mediator through contacts with Rgr1 (Med14), were based on experiments in which RNA Pal Il holoenzyme
was purified from deletion strains. For example, holoenzyme purified from a sin4/med16 mutant lacked Gal11 (Med15) and
p50 (Med3), while holoenzyme purified from an rgr1/med14 mutant also lacked Sin4 (Med16) [130]. The authors speculated
that this subcomplex, later known as the Mediator tail module, comprised a regulatory module acting on RNA Pol Il to control
transcription either positively or negatively in response to different intracellular signals [130].
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Glossary

BLAST (blastp): Basic Local Alignment
Search Tool is a heuristic sequence
comparison algorithm optimized for
speed and used to search sequence
databases for near-optimal local align-
ments to a query. Blastp is one version
of the algorithm in which an amino acid
query is used to search an amino acid
database.

E value: expectation or expect value
represents the number of different
alignments with scores equal to or better
than score S that are expected to occur
by chance in a database of a particular
size. The lower the E value, the more
significant the score and the alignment.
GeneMANIA: web-based biological
network integration tool that predicts
gene function by identifying genes
whose protein interactions, expression
pattern, localization and/or function are
similar to one or more query genes.

GO enrichment: GO is short for Gene
Ontology, a controlled vocabulary of
gene and gene-product attributes
pertaining to biological process, molec-
ular function, and cellular component
(location). Enrichment analysis is a sta-
tistical method for assessing what bio-
logical functions are over-represented in
any given set of genes.

KIX domain (kinase inducible
domain interacting domain): The N-
terminal domain of Med15, also known
as CREB-binding domain, consisting of
three a helices and two short 31¢ helices
originally identified within the eukaryotic
coactivators, CBP and P300. Itis a
docking site for the formation of hetero-
dimers between the coactivator and
specific TFs.

Low complexity (low-complexity
region, LCR): amino acid sequences
that consist of repeats of single amino
acids or short amino acid motifs. Many
LCRs are unstable due to replication
slippage and recombination.

Mediator activation/association
domain (MAD): The region of mediator
subunits responsible for assembly into
the mediator complex. In Med15, the
mediator association domain is located
towards the C terminus and although its
deletion does not impact interaction with
TFs, TF-dependent activation is
abrogated.

Molecular recognition feature
(MoRF): short regions located within
intrinsically disordered regions that bind
to protein partners via disorder to order
transitions.



Although Mediator is an evolutionarily conserved protein complex that is required to optimize
transcription of almost all protein coding genes [13,19,45], the MED2, MED3, MED5, MED15,
and MED16 genes encoding tail module subunits are each nonessential in S. cerevisiae, and
complete dissociation of the tail from the Mediator complex does not impact viability [46]. Some-
what paradoxically, however, simultaneous depletion of the Med5 and Med15 or Med15 and
Med16 tail subunits renders yeast cells inviable, suggesting that Mediator tail subunits may
have overlapping or redundant activities [47]. It is possible that essential functions are carried
out by a separate Mediator-independent tail complex. Tail module subunits are associated with
several promoters even under conditions leading to the depletion of the middle and head subunits
from the nucleus [48]. In addition, a triad of tail subunits, Med2-Med3-Med15, is detected follow-
ing the deletion of the tail subunit gene, MED16, which encodes a subunit that links the tail triad to
the rest of Mediator [49,50] and at the Hsf1-activated genes in MED 74 depleted cells, in which the
Mediator complex lacks the entire tail module [48]. Mediator-independent gene activation by tail
subunits is likely to take place through interactions with chromatin remodeling complex proteins
[61,52] or general TFs [2].

The viability of strains lacking MED15, together with the relatively small fraction of yeast genes whose
expression is affected in tail mutants [17] compared to head or middle module mutants [13], led to the
idea that MED15 may be required under stress but is dispensable for growth under normal physiolog-
ical conditions. Genes whose expression is affected in tail mutants tend to be those whose promoters
are highly regulated and require chromatin remodelers such as SAGA and SWI/SNF for their
expression [17], including genes responsive to environmental and metabolic stress [53,54].
Furthermore, phosphorylation of Med15 prevents stress-induced transcription during normal
nonstress conditions, potentially suppressing Mediator association with activators or enhancing
the activity of repressors involved in expression of stress-induced genes [55]. However, analysis
of multiple microarray experiments conducted in the absence of stress [17,56-61] reveal that
Med15 is involved in a diverse set of biological processes (Figure 1A), not necessarily limited to
stress, that explains the pleiotropic, albeit viable, phenotype of MED15 mutants.

Consistent with its biochemical functions, S. cerevisiae Med15 is a major interaction hub. Exper-
imental evidence supports physical interactions between Med15 and at least 28 different proteins
[62,63], including eight DNA-binding TFs (TFs), five chromatin-remodeling complex proteins, and
11 other Mediator subunits (Figure 1B) [10,52,64—69]. The small number of interacting TFs rela-
tive to the complete TF repertoire of S. cerevisiae suggests that the global impact of Med15 on the
transcriptome is not entirely direct. Analyses of published microarray datasets confirm that ex-
pression of at least 23 DNA-binding TFs are affected in med15 deletion strains; only two of
which are among those physical contacting Med15 [17,56,57]. Thus, all told, there are approxi-
mately 30 TFs affected either directly or indirectly by Med15. Each of these TFs will in turn regulate
the expression of numerous additional genes, in this way accounting for the expansive gene reg-
ulatory network of Med15.

Conserved and Diverged Features of Med15

Following the discovery of the Mediator complex in yeast [70,71], structural similarities between
electron micrographs of the yeast complex [72] and related mammalian complexes [73-78]
hinted that Mediator might constitute a universal aspect of eukaryotic gene expression. However,
when mammalian Mediator was initially purified, its 30 subunits [79] included clear orthologs to
only eight of the 25 yeast subunits [80]. Furthermore, bioinformatic attempts to identify animal and
plant homologs led at first to the erroneous alignment of proteins due to low amino acid conser-
vation between fungal and animal or plant proteins. Homologs for all of the yeast Mediator sub-
units were eventually identified [19,21,81].
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Multiple sequence alignment:
sequence alignment of three or more
amino acid, DNA, or RNA sequences.
Input sequences are assumed to have
an evolutionary relationship. The
resulting alignment enables inference of
sequence homology, functional regions,
and phylogenetic analysis.

Ortholog, orthology: homologous
biological components (genes, proteins,
and structures) in different species that
arose from a single component present
in the common ancestor of the species.
Poly-Q tract: consecutive glutamine
residues greater in length than some
threshold, for example 10.
Polyglutamine tracts are encoded by
repeats of the nucleotide triplets, CAA
and CAG. Highly repetitive sequences of
this sort are prone to expansion and
contraction.

Simple sequence repeat (SSR): also
known as microsatellites, consist of
tandemly arranged repeats of short DNA
motifs (1-6bp in length).
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Figure 1. Med15 Is a General Transcriptional Regulator with Extensive Influence on the Transcriptome of Yeast Grown under Physiological Conditions.
(A) GO enrichment analysis [145,146] (P < 0.01) of genes positively (top) or negatively (bottom) regulated by Med15 [56]. Gray bars represent the proportion of all yeast
genes assigned to each GO term. Red or blue extensions represent the increase in the proportion of regulated genes assigned to each GO term in each differentially
regulated gene set. Positively regulated genes (>3.8-fold, n = 347) were enriched (P < 0.01) in biological regulation of metabolism (GO:0019222 P = 1.04 x 107%);
regulation of gene expression (GO:0010468 P = 3.27 x 10~°); amino acid biosynthesis (GO:0008652 P = 2.73 x 107°), and metabolism (GO:0006520 P = 1.54 x 107'9);
response to abiotic stimulus (GO:0009628 P = 1.34 x 10~°); and establishment of ocalization (GO:0051234 P = 7.85 x 10~°). Negatively regulated genes (>3.8-fold,
n = 331) were enriched (P < 0.01) in ribosome biogenesis (GO:0042254 P = 5.46 x 107'®); ribosome assembly (GO:0042255 P = 2.35 x 10°); translation
(GO:0006412 P = 1.35 x 1072%); rRNA metabolism (GO:0016072 P = 8.04 x 1078); and rRNA transport (GO:0051029 P = 9.00 x 107). (B) GeneMANIA analysis
[63] showing all proteins interacting with Med15 and with one another for which there is physical evidence. Interactors are grouped by type (blue text) with current
protein identifier names provided in black text (top). A version of the interaction diagram in which only the interactions with Med15 are shown is also depicted.

Med15 provides a good illustration of the sequence divergence that made it difficult to identify an-
imal orthologs. Fungal Med15 was first aligned to animal and plant Med23 [19]. The relationship
between fungal Med15 and animal Med 15 (originally Arc105) was later proposed based on ho-
mology of each of their N-terminal domains to the KIX domain (discussed below) that had been
characterized in other protein families [75]. In addition to the N-terminal KIX domain, the proposed
animal Med15 orthologs resemble fungal Med15s by virtue of having an extensive glutamine-rich
central region. And although the C-terminal domain is specific to each kingdom, it can be aligned
within animals, and within fungi. Finally, in tests of conserved function, Arabidopsis Med15 was
found to complement some, although not all, of the phenotypes of yeast med75 mutants [82].
Hence, in spite of the sequence divergence, animal, plant, and fungal Med15 appear to be struc-
tural and functional counterparts.

Med15 proteins are more highly conserved within animals than they are within fungi. If the highly
repetitive and rapidly changing glutamine-rich central region is discounted, there is, by our anal-
ysis, 96% identity between human and mouse, 86% between human and Xenopus laevis, 84%
between human and zebrafish and 43% between human and Drosophila melanogaster Med15
homologs. Furthermore, even in the human/fly comparison, the proteins can be aligned over
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50% of their lengths. This contrasts with the relative lack of conservation among fungi. Even
though the estimated S. cerevisiae/Candida albicans species divergence time of 840 million
years (MY) is less than the divergence time between human and Drosophila at 990 MY [83],
there is only 29% identity between the Med15 protein encoded by these fungal genomes, and
this low level identity occurs in short stretches, which, when combined, cover less than 40% of
the protein.

Conserved Domains

The KIX domain (KIX; Pfam ID PF16987 in fungi and PFO9606 in animals) extends from amino
acids (aa) 4-90in S. cerevisiae Med15, and is a well conserved three-helix bundle [84]. It is the
sole domain that can be aligned between fungal and animal Med15 orthologs (Table S1 and
Figure S1 in the supplemental information online). The KIX domain was first identified in
mouse CREB-binding protein (CBP) as the site of interaction between CBP and CREB protein
[84], and subsequently in S. cerevisiae Med15 as a domain required for the interaction with the
Pdr1 TF, which regulates multidrug resistance in S. cerevisiae and in some pathogenic fungi
[85]. The S. cerevisiae KIX domain also interacts with fatty-acid ligand-bound Oaf1 TF to pro-
mote expression of fatty-acid-dependent genes [36], the Gal4 TF to promote galactose-
dependent gene expression [86], and the Gecn4 TF to activate amino acid biosynthetic genes
[67]. The KIX domain in mammalian Med15 is likewise involved in sterol regulatory element
binding protein (SREBP) activation in the regulation of cholesterol and fatty acid homeostasis
in animals [85,87].

Divergent Domains

The C terminus of Med15 (S. cerevisiae aa 802-1080), sometimes referred to as Mediator ac-
tivation/association domain (MAD) [66,88] includes a small region (aa 865-911) required for
the interaction between Med15 and the remainder of the Mediator complex (Figure S2 in the sup-
plemental information online), as well as the general TF, TFIIE [89]; deletion of this 46-aa stretch
reduced expression of a Gal4 responsive reporter approximately 100-fold [88]. The MAD is not
well conserved and cannot be aligned between fungi and animals. To determine if short amino
acid signatures within this domain might be shared more broadly, we identified three motifs
(MAD#1, #2, and #3) (Figure S2 in the supplemental information online) from highly conserved re-
gions in an alignment of 13 Saccharomycetaceae MED15 sequences. However, these motifs are
absent from animal genomes, and also could not even be found in fungal MED15 orthologs out-
side of the Saccharomycetaceae members used in defining them (Table S1 in the supplemental
information online).

Both fungal and animal Med15 proteins have additional annotated domains that are not shared
(Table S1 in the supplemental information online). For example, the coactivator domain
(S. cerevisiae aa 170-232) is a domain found throughout fungi that contributes to the interaction
between Med15 and Gen4 [68]. Furthermore, the Med15 superfamily domain corresponds to
the entire sequence of animal Med15, including the conserved KIX domain sequence; the highly
variable glutamine-rich central domain and the C-terminal domain. This domain is not conserved
between animals and fungi. The fungal Med15_fungi domain (aa 514-620) is smaller and does
not contain any of the Med15 superfamily domain (Table S1 in the supplemental information online)
[90]. This domain is not seen in animal orthologs.

Low-Complexity Sequence Composition

S. cerevisiae Med15 is rich in the polar amino acids, glutamine (Q, 16% of residues) and asparagine
(N, 11%). While Q and N residues are prominent in all yeast Mediator proteins, the tail subunit proteins
are most striking in their low complexity content and Q/N enrichment (Box 3) [91]. Med15 is especially
impressive for its continuous poly-Q tracts, with the three longest being Q1 (aa 147-158),
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Box 3. Functional and Adaptive Roles of Low-Complexity and Disordered Sequences

LCRs refer to protein domains characterized by reduced amino acid diversity. A typical LCR consists of a string of a single
amino acid or short repeated amino acid motifs. LCRs are abundant in eukaryotic proteins [133-135], particularly those
involved in regulation of gene expression. Although many LCRs are uncharacterized at the functional level, some biological
roles have been described including mediating protein—protein and protein-nucleic acid interactions [136], facilitating the
formation of adjoining secondary structures [97], and influencing subcellular localization [108].

LCRs are known to expand and contract due to the underlying repetitive nature of the DNA sequence, which is susceptible
to mitotic replication slippage and meiotic recombination [137]. In sequence similarity searching, LCRs are typically
masked. While repeat masking reduces artifactual results by preventing low-complexity sequence from disproportionately
influencing matches with database sequences, this convention may have delayed a full appreciation of the importance of
low-complexity sequence.

LCRs are under-represented in protein structure databases because low-complexity sequence may lack a fixed 3D structure.
Such intrinsically disordered regions (IDRs) [138] are difficult to purify and crystallize, and represent a bottleneck in structure
determination. Hence, it is important to be able to predict IDRs of proteins from primary amino acid sequences. Prediction
methods are based on the high frequency of hydrophilic and charged residues and low sequence complexity. For example,
the program, PrDOS [139] uses a sliding window to map individual residue neighborhoods into a feature space. In a second
step, the program assumes conservation of intrinsic disorder in protein families and uses a position specific scoring matrix-
based search of the protein structure database to eliminate structurally ordered proteins. Disordered proteins have been
cataloged in databases such as DisProt [140] based on experimental evidence manually collected from the literature.

The primary role of IDRs may be to enable the molecular recognition of proteins or DNA despite the lack of a rigid or folded
stable structure. In some cases transitions to order are observed upon ligand binding, suggesting that the flexibility of the
disordered regions may be employed where multiple high-specificity, low-affinity interactions are required. For example,
transcriptional ADs of DNA binding TFs may be intrinsically disordered to facilitate large numbers of coactivator contacts
[94,95,98,141-144].
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Figure 2. Med15 Protein Has Unusual Structure and Amino Acid Composition. Tracks summarizing features of the Med15 protein were compiled using the
genome browser view from Ensembl Fungi Saccharomyces cerevisiae S288c version 91.4 (R64-1-1), Chromosome XV: 234 800-238 400 as a framework.
(A) Cartoon depiction of the major features of the Med15 protein including the amino acid coordinates of the KIX (CREB binding) domain (green, KIX), poly-Q tracts Q1
(red), Q2 (purple), Q3 (blue), and MAD (orange). (B) Glutamine-rich regions are depicted as the percentage of glutamine residues in sliding windows of 40 amino acids.
(C) Location of all glutamine (Q, blue) and asparagine (N, red) residues. The location of each of three variable poly-Q tracts (Q1, Q2, and Q3) is indicated with black
underlining. (D) Protein disorder prediction using IUPRED, which characterizes the tendency of a given amino acid to fall into an ordered or disordered region [147].
Biophysical predictions: (E) regions that are disordered in isolation but can undergo disorder-to-order transition upon binding (ANCHOR web server [96] and a-helical
molecular recognition feature predictions as reported in [91]) and (F) coiled-coil domain predictions using COILS [148] (probability of coiled-coil structure in windows of
21 amino acids). (G) Experimentally determined amino acid intervals within Med15 known to be important for interaction with the indicated yeast (Oaf1, Prd1, Gen4,
Gal4, and Msn2), viral (VP16) TFs, and human (Tau1 transactivation domain of the human glucocorticoid receptor, hGRT1) [36,65,66,68,85,149]. Abbreviations: MAD,

Mediator activation/association domain.
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Q2 (aa 422-481), and Q3 (aa 674-696). Q1 and Q3 are uninterrupted poly-Q tracts, while Q2 con-
sists of glutamine—alanine (QA) repeats interrupted midway by one or more QAA repeats. The
region between Q1 and Q2 is also glutamine rich (20%, Figure 2B). The glutamine-rich region in
the vicinity of Q1 has been implicated in numerous interactions with TFs (Figure 2G) [64-69,85]
and has a direct bearing on activation by the heterologous glucocorticoid receptor [66]. However,
a requirement for a poly-Q tract of any length has not been unequivocally demonstrated.

Disorder and Coils

Disorder (Box 3) (Figure 2D) is a feature of all Med15 proteins and is also observed in other Me-
diator subunits [91,92]. Of the five most disorder-promoting residues (P, E, S, Q, and K) [93], pro-
line and glutamine appear to be the major contributors to disorder in Med15. The intrinsic disorder
of Med15 may allow the varied interactions that are required of Mediator tail subunits and could
be important in the evolutionary diversification of eukaryotes by facilitating rapid shifts in the co-
hort of Mediator interactors [91,92]. Often interspersed within intrinsically disordered domains
are sequences that adopt a helical (a-helical molecular recognition feature; MoRF) or other
types of well-defined structures during an interaction (Figure 2E). These interactions are energet-
ically favorable, specific, and low affinity [94,95]. MoRFs covering 436 residues (40%) of Med15
were predicted based on the potential for energetic stabilization due to an interaction with another
protein. These short sequences could be important for transient TF interactions throughout much
of the disordered midsection of the Med15 protein [91,96]. Poly-Q tracts also have the potential
to form helical structures and can promote the formation of nearby coiled-coil structures [97]. In
Med15, the strongest coiled-coil predictions occur adjacent to poly-Q tracts (Figure 2F).

Fuzzy Interface

When a protein fails to fold into a single well-defined structure even upon binding to a partner, or
when ensembles of structured conformations are seen, the complex is ‘fuzzy’ [98]. The dynamic
or polymorphic region may impact the formation, function, or regulation of the complex. For ex-
ample, the yeast Gen4 TF has two disordered activation domains (ADs) that are involved in its in-
teraction with the Med15 N terminal KIX domain and activator-binding domains (ABDs) [51,67,
68,87,99,100]. The Gend-Med15 complex is structurally heterogeneous and contains multiple
different AD-ABD interactions. This combinatorial mechanism consisting of individual low-
affinity and low-specificity interactions is known as a dynamic fuzzy protein—protein interface,
and appears to be an alternative to protein—protein interfaces involving specific amino acid con-
tacts. Recent evidence suggests that the fuzzy interaction between Gend and Med15 is required
for liquid-liquid phase separation [101]. The formation of liquid-liquid phase-separated conden-
sates of TF ADs and coactivators, which concentrates and organizes constituent molecules, is
thought to be important for gene activation [101,102].

Functionality of Poly-Q Tracts and Their Specific Lengths

The role of poly-Q tracts in eukaryotic proteomes is incompletely understood; however, a small
number of proteins have been analyzed in depth [103-105]. For example, the presence of a
poly-Q tract in yeast Nab3 is required for homodimerization via an adjacent coiled-coil region
[104,105]. Poly-Q tracts have also been linked to variation in phenotypic traits. Examples in
which small changes in tract length result in trait variation include spawn timing in salmon [106]
and in fecundity and breeding time in birds [107]. The molecular basis of tract-length phenotypes
remains unclear, however alleles of the Populus tremula ANT gene that differ in poly-Q tract length
by only 2-4 glutamine residues, are differentially localized to the nucleus [108]. Additionally, the
function of the yeast transcriptional repressor Cyc8/Ssn6 increases with poly-Q tract length up
to a certain threshold, beyond which further expansion leads to aggregation and changes in its
interactome [109].
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The idea that simple sequence repeats (SSRs), like the strings of CAG or CAA DNA triplets
that underlie poly-Q, could be adaptive, particularly among unicellular organisms that may occa-
sionally encounter novel environments, has been offered as an explanation for evolutionary
retention of this type of sequence feature [29]. The high mutation rates in genes with high SSR
content may facilitate efficient exploration of phenotypic solutions to unpredictable aspects of
the host environment [29]. For example, the Neisseria genus (e.g. N. gonorrhoeae), evades
the immune response in part by taking advantage of hypermutable SSRs located within open
reading frames to influence translation or cause discrete changes in levels of gene expression
via stochastic switching between ON and OFF [30]. Similarly, repeating amino acid motifs in
certain S. cerevisiae cell wall genes that vary in number due to recombination within the gene,
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Figure 3. Three Poly-Q Tracts of Med15 Display Extensive Variability. (A) Distribution of tract lengths for each of the
three poly-Q tracts of Med15 (Q1, red, aa 147-158; Q2, purple, aa 422-481; Q3, blue, aa 674-696) among 272 strains.
(B) Poly-Q tract length variation for all yeast proteins with Q tracts greater than 14. Proteins with a role in transcriptional
regulation are shown in blue; proteins with other functions are shown in green. Boxes represent +1 standard deviation
from the average tract length. Whiskers indicate minimum and maximum tract values; n = 93. Multiple tracts within a single
protein are shown individually with tract designations Q1 though Qn from N to C terminus. Tracts consisting of alternating
glutamine and alanine like Q2 in Med15 have been omitted. Abbreviations: aa, amino acids.
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or between the gene and pseudogenes, increase cell surface antigen diversity [27] and may re-
flect a fungal mechanism for rapid adaptation to the environment and evasion of the host immune
system [28].

Poly-Q Tract Length Variation in Med15

All three Med15 poly-Q tracts (Q1, Q2, and Q3) are naturally variable (Figure 3A). Our analysis of
272 sequenced strains of S. cerevisiae representing nine different environmental niches ([110,
111]; Saccharomyces Genome Database) revealed that each of the three tracts exhibit similar
levels of variation but, as evident from the histogram in Figure 3A, each tract has a characteristic
length distribution. The Q1 tract length is the most variable across strains, while the Q2 tract
length is most conserved. Whether this represents different functional constraints on tract length
or whether tract length variability might be adaptive is not currently clear. To provide context for
the tract length variability in Med15, we analyzed poly-Q tract variability among 93 strains (from
[111]) for all 18 S. cerevisiae proteins with poly-Q tracts longer than 14 glutamines. Figure 3B
shows that poly-Q tract length variation is common among S. cerevisiae strains, while stable Q
tracts are less frequent. It is particularly interesting to note that the poly-Q tract containing proteins
of S. cerevisiae are enriched for transcriptional regulators (depicted in blue).

Possible Relationship between Q Tract Length and Domestication Niche

S. cerevisiae has been an important part of human civilization for centuries. Winemaking dates
back to Neolithic times (~7400-7000 years ago), beer production to Sumerian times
(4000-3000 BC) and the use of yeast as leavening in bread baking to 500 BC [112]. Specialized
strains are used in each industry and these strains are not readily interchangeable. Recent molec-
ular studies have substantiated phylogenetic separation between wild and domesticated popula-
tions of yeast (Figure 4A) [113]. Evidence of niche-specific adaptations, including gene family
expansion and contraction, as well as lineage-specific genome variations among strains in differ-
ent ecological environments, has been reported [114].

Med15 is a key regulator for several important domestication niche-specific specializations in-
cluding stress responses [65,115], utilization of alternate carbon sources [31,36,116], and floccu-
lation [44]. We hypothesize that strains domesticated for the beer industry may be enriched for
MED15 alleles beneficial within that environment by conferring increased expression of genes in-
volved in metabolism of maltose; the main fermentable sugar in malt wort used by the brewing
and distilling industries. Alleles prominent in strains domesticated for wine making may instead
confer increased resistance to osmotic, pH, and ethanol stress.

Consistent with this, we find that the average Q1 tract length in many beer yeasts differs signifi-
cantly from that in wine yeast strains (compare Beer 1 to Wine in Figure 4B). Also, as shown in
the histogram (Figure 4C), the clade composition within specific prominent tract lengths differs
significantly. In contrast to the null expectation that the frequency of each of the five clades in a
population of yeast strains having any given tract length will reflect their frequency in the pool of
all 181 strains analyzed (Figure 4C ‘Total’), we find instead that beer yeasts are significantly
over-represented among strains with a Q3 tract of 27 residues (Figure 4C, 27Q8), and wine
yeasts are significantly overrepresented among strains with a Q8 tract of 25 residues
(Figure 4C 25Q3). That this bias is not entirely explained by population structure is evident from
the phylogeny reproduced in Figure 4A [110], showing that the Beer 1 clade is more closely re-
lated to the Mixed clade than it is to the Beer 2 and Wild clades. Taken together, these observa-
tions suggest, for example, that the 27Q Q3 tract length may be advantageous in some beer-
production environments. Analysis of variable loci unrelated to domestication traits are necessary
to entirely rule out the possibility that the Med15 Q tract enrichment profiles may be due to the
underlying phylogenetic signal.
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Figure 4. Q3 Tract Length Varies with Domestication Niche. (A) Maximum likelihood phylogeny, adapted, with permission, from [110], based on amino acid
alignments for 2020 concatenated single-copy nuclear genes shared by each of 181 Saccharomyces cerevisiae strains plus Saccharomyces paradoxus as an
outgroup, showing five main lineages (clades) that contain the majority of industrial yeasts: Wine (n = 26), Beer 1 (n = 63), Beer 2 (n = 22) Wild (n = 21), and a mixed
lineage containing yeasts used in different industries. (B) Q1, Q2, and Q83 tract lengths of each strain in each clade. No significant differences in average/median length
is found among clades for the Q2 or Q3 tract. The Beer 1 clade has a significantly lower average Q1 tract length than all other clades (analysis of variance and Tukey
post-hoc **P < 0.0001) [150,151]. (C) Histogram illustrating the proportion of yeast strains in different clades analyzed in (A) that are found within Med15 poly-Q tract

subpopulations. The composition of each tract length population was compared to the expected composition based on random/equal representation using chi-
squared goodness of fit test (n = 104). *P < 0.001, **F < 0.0001.

Evolutionary Implications of Low-Complexity Amino Acid Sequence in Med15
Rapid Sequence Divergence of Med15 Homologs
The rapid evolving nature of Mediator tail subunits is suggested by the results of orthology anal-
ysis among fungi. Ensembl Genome Browser Compara orthology calls based on robust multiple
sequence alignments followed by construction of Maximum Likelihood and Neighbor Joining
phylogenetic trees [117] reveal that orthologs for tail subunit genes are absent from many fungal
genomes (data not shown). A similar conclusion is reached by examining blastp expect
(E) values for searches of various genome specific database spaces with an S. cerevisiae
Med15 query (Figure S3 in the supplemental information online). In pairwise alignments of the
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S. cerevisiae tail module Mediator subunits Med2, Med3, Med5, Med15, and Med16 and the
nontail subunits Med17 and Med14 with fungi from closely related taxa (sensu stricto, within 20
MY); more distantly related taxa (family, Saccharomycetaceae, within 150 MY); and more diver-
gent taxa (subphyla Saccharomycotina, Taphrinomycotina, and Pezizomycotina, within 530
MY) [118], we found that the two nontail subunits, Med17 and Med14 plus the Med16 and
Medb5 tail subunits are more highly conserved, whereas the Med2, Med3, and Med15 subunits
are divergent even within the Saccharomycetaceae family. All three of the rapidly diverging sub-
units have biased amino acid composition. For example, S. cerevisiae Med?2 is 20.8% N, Med3
is 11.5% N, and 10% Q, and Med15is 10.9% N and 16% Q. In contrast, there is no elevation
(10% or higher) in glutamine, asparagine, or other disorder-promoting residues in Med5,
Med16, Med17, and Med14.

Low-Complexity Sequences May Provide Plasticity

Amino acid composition bias and/or reduced complexity may be one mechanism by which Me-
diator is made sufficiently plastic to accommodate interactions with a diverse array of TFs. Alter-
natively, the plasticity of the Mediator tail may allow for interactions with specific TF families that
are likewise rapidly evolving. TFs that associate exclusively with the tail module of Mediator may
be less conserved than TFs that make contact with the more highly conserved Mediator modules.
To examine this, we previously cataloged all physical interactions made by each yeast TF that in-
teracts with yeast Med15 [56]. Four of 11 Med15-interacting TFs are extensively connected to
other Mediator subunits both within and outside of the tail, while seven are associated with the
Mediator complex exclusively through tail subunits. In general, TFs whose Mediator connections
are limited to the tail module are also the most taxonomically restricted, while TFs that make con-
tact with several Mediator modules are more likely to be conserved throughout eukarya. Hence,
the low complexity of Mediator tail subunits in general, and Med15 in particular, may facilitate a
range of taxa-specific TF interactions.

Concluding Remarks

The poly-Q tract is an unexpected feature of eukaryotic proteins and, based on gene descriptors
(Figure 3B), appears to have an important role to play in transcriptional regulators and signal
transduction molecules. The presence of poly-Q tracts have been ascribed various molecular
roles in normal behavior of proteins. For example, glutamine—glutamine interactions can lead to
complex formation and transcriptional transactivation [119] or to homodimerization contributing
to RNA processing activities, as in Nab3 [104,120]. In the Huntingtin protein, the poly-Q tract
may be important as a flexible hinge enabling intradomain interactions [121]. Finally, poly-Q tracts
may be an evolutionary solution for creating ‘conformational ensembles’ that are required for tran-
sient associations with a suite of protein partners. It is tempting to speculate that specific molec-
ular behaviors of poly-Q, such as an intradomain hinge or an interaction interface, might be
discernable by conservation of tract position within the protein. In contrast, the contribution of
poly-Q in generating structural disorder, no matter how essential, may offer fewer positional con-
straints during evolution. Many different disorder-promoting sequences and insertion/deletion
events could potentially generate the necessary disorder.

The variability in position and size of the poly-Q tracts within eukaryotic Med15 proteins (Figure S4 in
the supplemental information online) might hint at this latter role. Structural studies of Med15-Gcn4
complexes revealing the fuzzy nature of the complex offer experimental support for this idea [67,68].
Nonetheless, there is also evidence that tract lengths are not randomly distributed amongst the
hundreds of fully sequenced S. cerevisiae strains, but instead that certain tract lengths predominate
in specific domestication niches (Figure 4). Much is still unclear about the functional and adaptive
impact of low-complexity sequences in regulatory proteins (see Outstanding Questions). A deeper
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Outstanding Questions

Although low-complexity regions of pro-
teins are often linked to the propensity
to aggregate into stable amyloid or
more transient liquid droplets, it is not
yet clear if aggregation is generally impor-
tant for regulation of mediator function.

To what extent do the polyglutamine
tracts in Med15 contribute to, or modu-
late, its ability to interact with transcription
factors, other mediator subunits, and
chromatin remodeling proteins?

Does polyglutamine tract length change
in response to environmental stressors?

Are specific tract length variants in tran-
scriptional regulators like Med15 an ad-
aptation to specific domestication
niches?

What is the biological significance of the
extraordinary divergence among fungal
Med15 orthologs compared to higher
levels of conservation among animal
Med15 orthologs?
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understanding of the physiological contributions of low-complexity sequence in a model tran-
scriptional regulator like Med15 will provide important insights for the fields of eukaryotic gene
expression, triplet repeat expansion proteins, yeast strain domestication and the contribution of
conformational flexibility in large protein complexes.
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