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ABSTRACT Eukaryotic transcription activation domains (ADs) are intrinsically disor-
dered polypeptides that typically interact with coactivator complexes, leading to
stimulation of transcription initiation, elongation, and chromatin modifications. Here
we examined the properties of two strong and conserved yeast ADs: Met4 and Ino2.
Both factors have tandem ADs that were identified by conserved sequence and
functional studies. While the AD function of both factors depended on hydrophobic
residues, Ino2 further required key conserved acidic and polar residues for optimal
function. Binding studies showed that the ADs bound multiple Med15 activator-
binding domains (ABDs) with similar orders of micromolar affinity and similar but
distinct thermodynamic properties. Protein cross-linking data show that no unique
complex was formed upon Met4-Med15 binding. Rather, we observed heteroge-
neous AD-ABD contacts with nearly every possible AD-ABD combination. Many of these
properties are similar to those observed with yeast activator Gen4, which forms a large
heterogeneous, dynamic, and fuzzy complex with Med15. We suggest that this mo-
lecular behavior is common among eukaryotic activators.

KEYWORDS intrinsically disordered protein, transcription activator, transcriptional
regulation

ranscription activators play essential roles in gene regulation, and regulation of

activator function is often the endpoint of many signaling pathways, serving to
modulate transcription in response to developmental pathways, growth, stress, and
other environmental signals (1, 2). The targeting of multiple activators in different
combinations to gene regulatory regions leads to diverse patterns of gene regulation.
Activators can enhance RNA polymerase Il transcription through binding to coactivator
complexes such as Mediator, SAGA, TFIID, Swi/Snf, and NuA4, which are complexes that
contact the basal transcription machinery and/or function to modify chromatin (3, 4).
Most eukaryotic activators contain separate DNA-binding domains (DBDs) and tran-
scription activation domains (ADs) (3, 5). Unlike DNA-binding domains, which are
usually structurally ordered, eukaryotic ADs are intrinsically disordered, lacking a stable
structure (6-10).

Many types of intrinsically disordered proteins (IDPs) bind their targets via short
linear motifs, 3- to 10-residue sequences that function as recognition sites for enzymes
such as kinases, acetylases, or methylases or as the substrates for peptide-binding
domains such as SH2, SH3, and 14-3-3 domains (11-14). In contrast, different ADs have
little primary sequence similarity, although they are often enriched for acidic, proline,
and glutamine residues (15, 16). At least part of this sequence bias is due to overrep-
resentation of these residues in intrinsically disordered proteins (17). Known ADs range
in length from an ~5-residue sequence motif to nearly 100 residues (18-20). Mutations
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created within ADs have shown that their function can be remarkably resistant to
mutagenesis, although hydrophobic and, sometimes, acidic residues are critical for
activity (3, 21).

One of the best-characterized activators is yeast Gen4, a transcription factor that
activates a large set of genes in response to metabolic stress (22, 23). Gen4 contains
tandem acidic ADs that are unrelated with respect to sequence and interacts with the
coactivators Mediator, SAGA, NuA4, TFIID, and Swi/Snf (6, 18, 19, 24-30). Binding of
Gcn4 to the Mediator tail module subunit Med15 occurs via multiple heterogeneous
interactions between the tandem ADs and up to 4 activator-binding domains (ABDs) on
Med15 termed KIX, ABD1, ABD2, and ABD3 (ABD123) (27, 28). The measured individual
binding interactions are dynamic, with half-lives on the low millisecond time scale (6).
Combined biochemical and structural analyses showed that the interaction between
Gcn4 ADs and Med15 is “fuzzy,” as Gen4 binds to the Med15 activator-binding domains
in multiple orientations (6, 18), and that the fuzzy nature of this complex is conserved
upon interaction of the tandem ADs with full-length Med15 (20). This binding mech-
anism can explain the fact that many activators bind multiple unrelated targets using
a variety of AD sequences. In contrast, several well-characterized activators are known
from structural studies to bind their targets using a different mechanism that utilizes a
higher-affinity and more specific protein-protein interface (7, 8, 31, 32).

To explore whether other activators have properties similar to Gcn4, we used
molecular, genetic, and biochemical approaches to characterize two strong yeast
activators, Met4 and Ino2. Both factors have tandem acidic ADs that are moderately
conserved in closely related yeast species but have primary sequences that are unre-
lated to those of each other and to that of Gecn4. Despite these sequence differences,
Met4, Ino2, and Gcn4 have been shown to have similar functions in transcription
activation assays and to require Med15 for activation of Mediator tail-dependent
promoters, and both ADs bind Med15 activator-binding domains with low micro-
molar affinities. These and other results suggest that Gecn4, Met4, and Ino2 use similar
strategies to bind Mediator that involve a large, dynamic, and fuzzy protein interface.

RESULTS

Mediator tail dependence of transcription activators. As a first step in exploring
the mechanism of yeast ADs in comparison to Gcn4, we tested the activity and
coactivator dependence of several previously characterized transcription factors. Seg-
ments from 7 transcription factors with published AD function were fused to the N
terminus of the Gen4 central region linker plus the Gend DNA-binding domain (Gen4
residues 124 to 281) and tested for activation of two Gcn4-dependent promoters,
namely, ARG3 and HIS4 (both TATA-containing promoters; defined as TATAWAW [33]).
The expression of these AD-Gcn4 derivatives was from low-copy-number autono-
mously replicating sequence (ARS)- and centromere sequence (CEN)-containing plas-
mids under the control of the Gen4 regulatory region with ~1 kb of DNA upstream
from the Gecn4 open reading frame (ORF) containing all known Gcné4 transcription and
translational regulatory regions. The regions of the factors tested for function were as
follows: Met4 residues 1 to 160 (34), Ino2 residues 1 to 160 (35), Pdr1 residues 901 to
1068 (36), Hap4 residues 321 to 490 (37), Gal4 residues 840 to 881 (38, 39), and Rtg3
residues 1 to 250 and 375 to 486 (40). Fusion proteins contained a C-terminal triple-
FLAG epitope tag to monitor protein expression (18). Gcn4 synthesis and activity are
induced in response to amino acid starvation, so the activity of these chimeric activa-
tors was measured 90 min after addition of sulfometuron methyl (+SM), an inhibitor of
lle and Val biosynthesis, to the cell growth media (27).

Figure 1 shows that, under conditions of fusion to the Gcn4 DBD, all these ADs
function to activate transcription at ARG3 and HIS4, although their relative levels of
activity depend on the presence of the specific promoter. Met4, Ino2, Pdr1, and Hap4
are strong ADs at both promoters and are comparable to or better than wild-type (WT)
Gcn4 in that respect. The two Rtg3 ADs have different relative levels of activity,
depending on the promoter, with the C-terminal AD (cAD) having the most activity at
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FIG 1 Activity of yeast transcription factor AD-Gcn4 DBD fusions at two Gen4 inducible genes. Previously
defined AD regions were fused to Gcn4 residues 125 to 281 and expressed under the control of the Gen4
gene regulatory region. Gen4 induction conditions were initiated by addition of SM for 90 min, and
mRNA levels from ARG3 and HIS4 were quantitated by RT-qPCR. Measurements were made in both
MED15 and med15A strains as indicated.

HIS4. Western analysis showed that all proteins were expressed and that the level of
expression did not correlate with AD function (Fig. 2A).

TATA-containing Gen4-activated genes can differ somewhat in their dependence on
the Mediator tail module, a direct binding target for Gen4. For example, ARG3 shows
5-fold to 10-fold dependence on Med15, a Mediator tail subunit, while HIS4 shows
~2-fold dependence (27). We measured the Mediator tail dependence of these chi-
meric activators by comparing expression in the WT to that in a Amed75 mutant. As
previously found with Gen4, all chimeric ADs showed the strongest Med15 dependence
at ARG3 and somewhat lower dependence at HIS4 (Fig. 1 and 2B). The one outlier
among these ADs is the Rtg3 N-terminal AD (nAD), which showed no Med15 depen-
dence at HIS4. From these results, we conclude that nearly all of these ADs function
similarly to Gen4.

Met4 contains tandem conserved ADs that overlap ubiquitin (Ub)-binding
domains. On the basis of the in vivo activity and sequence conservation and previously
published work, we focused further characterization efforts on the Met4 and Ino2 ADs.
Figure 3 shows that Met4 residues 65 to 170 are enriched in both hydrophobic and
acidic residues and that the sequence contains tandem 22-residue-long sequence
blocks that are conserved among closely related yeast species. Both of these conserved
regions are predicted to have a propensity for alpha helix formation (Fig. 3A).

Yeast Met4 is a bZIP protein that activates the transcription of at least 45 genes
involved in sulfur metabolism (41, 42). Met4 is recruited to regulatory regions by
DNA-binding protein CBF1 and related factors Met31 and Met32 (Met31/32), while
cofactor Met28 acts to stabilize these DNA-bound complexes (43, 44). Prior analysis of
Met4-LexA fusions showed that the sequence consisting of Met4 residues 79 to 160
contains transcription activation function (34). Met4 activator function is known to be
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FIG 2 Expression of Gecn4 fusion proteins and Med15 dependence. (A) Western blot of whole-cell extracts
from cells used as described in the Fig. 1 legend. Western was probed with anti-Gcn4 and anti-Tfg2 (TFIIF
subunit) as indicated. (B). Mediator tail module dependence for the different activators at two Gcn4-
responsive genes measured as the ratio of mRNA levels in the med15A and MED15 strains. Data are from
Fig. 1.

regulated both by ubiquitylation and by ubiquitin (Ub) binding. Met4 is modified by a
relatively short poly-Ub chain at residue K163 (45), located at the C-terminal edge of the
second conserved sequence block. Eliminating ubiquitylation by the K163R mutation
activates Met4 similarly to growth under induction conditions but has little if any effect
on protein stability. These findings suggest that Met4-Ub regulates function separately
from proteolysis (46, 47). Met4 also contains tandem Ub-binding domains defined by
mutations A85-96 and A135-155 (48). Inactivation of these domains leads to longer
Met4 poly-Ub chains and decreased protein stability, showing that Ub binding protects
Met4 from protein degradation. The Ub-binding domains are contained within the
region required for transcription activation, and it has not been determined whether
these activities are overlapping or independent functions.

A series of deletions was constructed in the Met4-Gecn4 fusion to identify the
minimal regions necessary for AD function at ARG3 and HIS4 (Fig. 4). As with the other
chimeric activators described above, protein expression levels did not correlate with
AD function (Fig. 5). Consistent with previous observations, Met4 residues 72 to 160
encode 85% to 92% of Met4 AD function (34). Further deletions demonstrated that
Met4 contains tandem ADs, with the functional regions centered on the two conserved
sequence blocks. Met4 72-116 contains 34% to 62% of Met4 AD function, depending on
the target gene. Met4 126-160 contains 18% to 55% of Met4 AD function, again
depending on the target gene. Because of this gene-specific activation function, the
two Met4 ADs synergize at ARG3 but are approximately additive with respect to their
activity at HIS4. We speculate that this may be due to different coactivator dependen-
cies at these genes.
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FIG 3 Conservation of activation domains in closely related yeast species. (A) Met4 and (B) Ino2 sequences were aligned
by Clustal Omega (58), with secondary structure predictions (SS) from Ali2D (59). S_cerevisiae, Saccharomyces cerevisiae;
S_paradoxus, Saccharomyces paradoxus; S_mikatae, Saccharomyces mikatae; S_kudriavzevii, Saccharomyces kudriavzevii;
S_bayanus, Saccharomyces bayanus; N_castellii, Naumovozyma castellii; C_glabrata, Candida glabrata; K_africana, Kloeck-
era africana; N_dairenensis, Naumovozyma dairenensis; V_polyspora, Vanderwaltozyma polyspora; Z_rouxii, Zygosaccha-
romyces rouxii; S_kluyveri, Saccharomyces kluyveri; K_lactis, Kluyveromyces lactis.

The deletion analysis also found that Met4 residues 161 to 168 repress AD function
40% to 50%. Part of this region is conserved and contains the ubiquitinated K163
residue (46, 47). Western analysis results are consistent with modification at this residue,
as this fusion protein migrated in a series of lower-mobility species in SDS-PAGE,
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FIG 4 Met4 tandem activation domains. (A) Met4 derivatives fused to Gcn4 and assayed for activation of
ARG3 and HIS4 as described in the Fig. 1 legend are shown. Protein segments are shaded according to
the percentage of activity compared with residues 1 to 160. Red dotted lines indicate the two conserved
sequence blocks shown in Fig. 3A. The orange block indicates a repressive element, and the asterisk
indicates the K163R mutation that blocks protein ubiquitylation. Red brackets indicate the limits of

the individual ADs at ARG3 and the percentage of activity at ARG3 compared to that of Met4 residues
1 to 160.

although protein levels appeared unchanged from those seen with Met4 1-160-Gcn4
(Fig. 5). All derivatives lacking residues 161 to 168 showed no apparent modification.
Mutation of K163 to R in the 1-168-Gcn4 construct eliminated both this protein
modification (Fig. 5) and the repressive function (Fig. 4). Unexpectedly, blocking
ubiquitination led to lower levels of the fusion protein. This again shows that there is
little or no correspondence between protein levels and activation function in this
system.

We next examined the importance of conserved and acidic residues within each
Met4 AD for transcription of ARG3 and HIS4 (Fig. 6). For Met4 72-116, alanine substi-
tution at three blocks of conserved hydrophobic residues showed at least a 2-fold
decrease in function at one or both of the Gecn4-activated genes. In contrast, mutation
of two conserved acidic residues gave no more than a 40% decrease in function.
Therefore, as at Gen4, the hydrophobic residues, and not the acidic residues, are most
important for function. A similar finding was observed with the second AD, Met4
131-160, where three groups of hydrophobic residues were shown to be important for
function whereas mutation of two groups of acidic residues showed no major decrease
in activity.

As described above, Met4 contains tandem Ub-binding domains that overlap the
two conserved sequence blocks in the AD region. To test whether Ub binding and AD
function are separable, we tested three mutations that are known to inhibit or eliminate
Ub binding (Fig. 6). Within the 72-to-116 AD, mutations T86A and T86E are both known
to eliminate Ub binding (A. Tyrrell, K. Flick, and P. Kaiser, personal communication).
These two mutants retained at least 96% of the wild-type AD function with no major
changes in protein level (not shown). Mutation A145G in the context of residues 131 to
160, which is a mutation known to limit Ub binding (46), also caused no decrease in AD
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FIG 5 Protein expression of Met4-Gcn4 derivatives. Western blots analyzing whole-cell extracts of cells
used for the RT-qPCR assays are shown. Blots were probed with anti-FLAG or anti-Tfg2 (TFIIF subunit) as
indicated.

function but did significantly reduce fusion protein levels. Therefore, we conclude that
the Ub binding function of Met4 is not required for activator function, although the two
sequences overlap.

Ino2 contains tandem conserved ADs that require both hydrophobic and acidic
residues for function. Next, we examined residues important for Ino2 AD function in
the Gen4 chimeras. Ino2 and Ino4 are bHLH factors required for transcriptional regu-
lation of yeast structural genes involved in phospholipid biosynthesis. Both proteins are
required for sequence-specific DNA binding, but only Ino2 contains transcription
activation function (35, 49). Previous analysis showed that Ino2 residues 1 to 35 and 98
to 135, when fused to the Gal4 DBD, have activator function, and they were termed
AD1 and AD2 (50). Mutagenesis of AD1 showed that both hydrophobic and acidic
residues are required for function. AD2 overlaps with the binding site for the Opi1
repressor (Ino2 residues 118 to 135), which targets Ino2 to repress transcription in
response to high levels of inositol and choline (51). The results of mutagenesis of AD2
suggested that the residues required for Opi1-dependent repression and AD2 function
overlap only partially.

Like Met4, the Ino2 AD region contains two blocks of conserved sequence enriched
for hydrophobic and acidic residues within 29 and 21 residues that overlap Ino2 AD1
and AD?2 (Fig. 3B). Both of these conserved regions are predicted to have a propensity
for alpha helix formation. In agreement with earlier work, we found that each of the two
Ino2 ADs, when fused to the Gen4 DBD, activated ARG3 and HIS4 (Fig. 7). In our system,
the minimal segments necessary for AD function are Ino2 residues 1 to 41 and 96 to
160. The intervening region between these two regions can be deleted with less than
a ~2-fold decrease in function. Unexpectedly, we found that the C-terminal AD
contained a region that repressed function. Deletion of residues 143 to 150 increased
activator function 2-fold to 3-fold, depending on the promoter assayed (Fig. 7; orange
rectangle). There were no obvious features in the sequence of this region that ex-
plained this repressive activity. Although the Ino2 C-terminal AD is reportedly targeted
by the Opi1 repressor (51), we found that the addition of inositol and choline did not
repress the activity of either AD (not shown). This is consistent with a previous report

May 2018 Volume 38 Issue 10 e00038-18

Molecular and Cellular Biology

mcb.asm.org 7


http://mcb.asm.org

Pacheco et al.

A % Met4 72-116
ss: €CCCCCCCCCCCCCCCCCCCCCHRHEEHHERRARACCCCCCCC ———m— = ccecc-nrrcceccc----  ARG3  HIS4
Conserved: *k gkkkkkkgkkkgs 33 3
Metd WT RRPLIGDVTNRGNTNLYDHAVTPEILLEQLAYVDNFIPSLDNE-—-—-—-— FSNVD-WNVNTTHNN- - - 100 100
Metd M1 RRPLIGDVTNRGNTNLYDHAVTPEAAAEQLAYVDNFIPSLDNE FSNVD-WNVNTT 21 41

Hyd_ Met4 M3 RRPLIGDVTNRGNTNLYDHAVTPEILLEAAAYVDNF IPSLDNE FSNVD-WNVNTT — 63 43
Metd M4 RRPLIGDVTNRGNTNLYDHAVTPEILLEQLAAVDNF IPSLDNE FSNVD-WNVNTT 70 88

Met4 M10  RRPLIGDVTNRGNTNLYDHAVTPEILLEQLAYVDNAAPSLDNE--—-—-—-- FSNVD-WNVNTTHNN---— 24 54

— Metd M2 RRPLIGDVTNRGNTNLYDHAVTPEILLAQLAYVDNFIPSLDNE FSNVD-WNVNTTHNN--— 96 94
ACIdIC[ Metd M9 RRPLIGDVTNRGNTNLYDHAVTPEILLAQLAYVANF IPSLDNE FSNVD-WNVNTT 100 63

. Met4 Ubl  RRPLIGDVTNRGNTNLYDHAVAPEILLEQLAYVDNFIPSLDNE--—--—-- FSNVD-WNVNTTHNN---— 96 99
Ub‘b'nd[ Metd4 Ub2  RRPLIGDVTNRGNTNLYDHAVEPEILLEQLAYVDNFIPSLDNE FSNVD-WNVNTT 93 103

% Met4 131-160

B

SS: ===CCCC-=CCCCmmmmmmmm e e CCCCCCCCCCHHHHHHHHHHHHCCCCCCCCCCC
Conserved: hhgky hk, kk ggkgk kg
Metd WT ===ANNN=-=GADT==mmmmmmmm e FSSINANPFDLDEQLAIELSAFADDSFIFPDED 100
Metd M6 -—--ANNN--GADT-- ~FSSINANPFDLDEQAAAEASAFADDSFIFPDED 30
Hyd. | metsa M7 ———ANNN—=—GADT~——m e m e FSSINANPFDLDEQLAIELSAAADDSFIFPDED 57
Metd4 M1l  ———ANNN--GADT-————————m— FSSINANPFDLDEQLAIELSAFADDSAAAPDED 25
Acidi Metd M5 NNN--GADT FSSINANPFDLAAQLAIELSAFADDSFIFPDED 157
ClAIC | yerq ms ~==ANNN--GADT~==mmmmmmm e FSSINANPFDLDEQLAIELSAFAAASFIFPDED 136
Ub-bind € Met4 Ub3  —--ANNN--GADT------—----~ FSSINANPFDLDEQLGIELSAFADDSFIFPDED 104
160
140
X
c 120
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2
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FIG 6 Hydrophobic (Hyd) but not acidic residues are important for Met4 AD function. (A and B) Mutations in the
two Met4 ADs (residues 72 to 116 [A] and residues 131 to 160 [B]) that were targeted for alanine substitution and
the resulting effects on induced expression from ARG3 and HIS4. Secondary structure predictions and sequence
conservation data are from Fig. 3A. Ub-bind, ubiquitin binding mutation. (C) Quantitation of Met4-Gcn4 fusion

| |
ARG3 HIS4

protein activity measured by RT-qPCR. The data were used to produce the results shown in panels A and B.

that chimeric Ino2-LexA constructs lacking the Ino2 DBD are refractory to Opil repres-
sion (52).

To explore residues important for function of the Ino2 ADs beyond those found in
previous work, we mutagenized the individual ADs by double or triple substitution of
Ala for hydrophobic, acidic, and polar residues. Function was monitored at ARG3 and
HIS3 under induction conditions that included +SM. Residues required for the Ino2
N-terminal AD were distributed over 29 amino acids, almost all of which were in the
conserved sequence block (Fig. 8). We found that 5 sets of hydrophobic mutations
reduced activity ~50% or more for at least one Gcn4-dependent gene. In addition, a
triple mutation of conserved acidic residues was as detrimental as most mutations of
hydrophobic residues. For the C-terminal AD, we found that mutations reducing
function were located within a 40-residue segment that was much larger than the
conserved sequence block (Fig. 8). Ala substitutions that reduced function by at least
60% for one or both of the Gcn4-dependent genes included 5 sets of hydrophobic
residues and one triple mutation of three conserved acidic residues. We found that, in
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FIG 7 Activity of the Ino2 tandem activation domains. (A) Ino2 derivatives fused to Gen4 and assayed for
activation of ARG3 and HIS4 as described in the Fig. 1 legend are shown. Red dotted lines indicate the
two conserved sequence blocks shown in Fig. 3B. The orange block indicates an inhibitory element. Red
brackets indicate the limits of the two ADs at ARG3 and the percentage of activity on ARG3 compared
to Ino2 residues 1 to 160. (B) Quantitation of Ino2-Gecn4 fusion protein activity measured by RT-qPCR.

a manner unique to this AD, mutation of conserved residues S120 and T121 to Ala
reduced activity by at least 4-fold. Two mutations of other polar residues did not affect
function. In summary, residues important for the Ino2 ADs are distributed over 29 to 40
residues and include hydrophobic, acidic, and polar side chains.

Met4 and Ino2 bind multiple Med15 activator-binding domains. To explore the
interactions between Med15 and the Ino2 and Met4 tandem ADs, we used purified
proteins in combination with isothermal titration calorimetry (ITC) and/or fluorescence
polarization (FP) to measure the affinities and thermodynamic properties of these
interactions (Fig. 9, 10, and 11; summarized in Table 1). Binding between the ADs and
the individual Med15 activator-binding domains was monitored using ITC. We were
unable to use ITC to monitor binding to the longer Med15 polypeptides (KIX plus ABD1,
-2, and -3 and ABDI, -2, and -3), so FP was employed to quantitate binding of
N-terminal fluorescently labeled AD peptides to Med15. We used FP and ITC to monitor
AD binding to ABD3 for comparisons of the two methods, and the results were similar.
Met4 affinities monitored were within 20% by either approach, and Ino2 affinities were
within ~3-fold. For the discussion below, the affinities were compared using the ITC
values where available.
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A

ss: CCCCCCCCCHHBhCCC--CCCC CCCCCCCCCCeeeeeeeee ARG3% HIS3%
Conserved: piRKp L pRRRARRRGRIR kipg
Mutations yr ;5o MQQATGNELLGILDLD--NDIDFETAYQULSSNFDDQUSAHT HENTFSATSP 100 100
1 50 M1 MQOATGNEAAGILDLD--NDIDFETAYQMLSSNFDDQMSAHIHENTFSATSP 44 62
-50 M2 MQOATGNELLGAADAD--NDIDFETAYQMLSSNFDDQMSAHIHENTFSATSP 22 33
Hydrophobic 1 50 M3 MQQATGNELLGILDLD--NDADAETAYQMLSSNFDDOMSAHIHENTFSATSP 22 34
1-50 M4 MQOATGNELLGILDLD--NDIDFETAAQAASSNFDDQOMSAHIHENTFSATSP 13 18
1-50 M5 MQOATGNELLGILDLD--NDIDFETAYQMLSSNADDQASAHIHENTFSATSP 52 62
Acidic [ 1-50 M6 MQOATGNELLGILALA--NDIDFETAYQMLSSNFDDOMSAHIHENTFSATSP 45 46
1-50 M7 MOQATGNELLGILDLD--NAIAFATAYOMLSSNFDDOMSAHIHENTFSATSP 21 30
1-50 M20 MQQATAAELLGILDLD--NDIDFETAYQMLSSNFDDQMSAHIHENTFSATSP 137 108
Polar | 1-50 m21 MQOATGNELLGILDLD--NDIDFETAYQMLAANFDDOMSAHIHENTFSATSP 110 97
1-50 M22 MQOATGNELLGILDLD--NDIDFETAYQMLSSNFDDQMAAAIHENTFSATSP 165 112
ss: CCCCCCCCCeceeeeeeec HHhCCCCCCCCCCCCCCCCCEECCCCCC
Conserved: EAK L kAR RAR Ky
96-160 PHQPSMGFDQALGLKLSPSSSGLLSTNESNATEQFLDNLISQDMMSSNASHNSESHLHIRSPKKQ 100 100
96-160 M8 PHQPSAGADQALGLKLSPSSSGLLSTNESNAIEQFLDNLISQDMMSSNASMNSESHLHIRSPKKQ 26 50
96-160 M9 PHQPSMGFDQAAGAKASPSSSGLLSTNESNATIEQFLDNLISQDMMSSNASMNSESHLHIRSPKKQ 29 62
Hydrophobic [ 96-160 M10 PHOPSMGFDOALGLKLSPSSSGAASTNESNAIEQFLDNLISQDMMSSNASMNSESHLHIRSPKKQ 32 64
96-160 M12 PHQPSMGFDQALGLKLSPSSSGLLSTNESNAIEQFLDNAASQL HIRSPKKQ 11 18
96-160 M13 PHQPSMGFDQALGLKLSPSSSGLLSTNESNAIEQFLDNLISQDAASSNASMNSESHLHIRSPKKQ 24 58
Acidic [96-160 M14 PHQOPSMGFDQALGLKLSPSSSGLLSTNASNAIAQFLANLISQDMMSSNASMNSESHLHIRSPKKQ 9 15
96-160 M15 PAQAAMGFDQALGLKLSPSSSGLLSTNESNATEQFLDNLISQDMMSSNASMNSESHLHIRSPKKQ 84 99
96-160 M16 PHQPSMGFDOALGLKLSPAASGLLSTNESNAIEQFLDNLISQDMMSSNASMNSESHLHIRSPKKQ 78 100
Polar | 96-160 M17 PHQPSMGFDQALGLKLSPSSSGLLAANESNATEQFLDNLISQDMMSSNASMNSESHLHIRSPKKQ 14 25
96-160 M18 PHQPSMGFDQALGLKLSP LLSTNESNAIEQFLDNLIAAD HIRSPKKQ 103 107
96-160 M19 PHQPSMGFDQALGLKLSPSSSGLLSTNESNATEQFLDNLISQDMMSSNAAMASESHLHIRSPKKQ 99 100

B 14

o
o©
19
i
9( |[ B ARG3 HIS4
1
o
o
£ 08
[e)
+ T
v 0.6 T 1
2 I i
©
o 04 o
o ) I I
< I
EO.Z Iz.. < i1 -
el i Ti il
o MERN MR Zn s NN S § N N R
22sgwmszmaas:aaSHNM*mw“szm
ﬁ’g:gggEEEEEEEEEAEEEEEEEEEE
68,332 333888888 waowwowwgaa
B0 8 o7 Fum A g G SR s SR
25 D DWW W WYY O Y Y
4,313 A DD DD
@ &
2 Ino2 AD-Gcn4 derivative

FIG 8 Hydrophobic, acidic, and polar residues are important for Ino2 AD function. (A) Mutations in the
two Ino2 ADs (residues 1 to 50 [A] and residues 96 to 160 [B]) that were targeted for alanine substitution
and the resulting effects on induced expression from ARG3 and HIS4. Residues are color-coded by amino
acid type. Secondary structure predictions and sequence conservation data are from Fig. 3. (B) Quanti-
tation of Ino2-Gcn4 fusion protein activity measured by RT-qPCR.

We were unable to detect binding to the Med15 KIX domain for either AD (Fig. 9A
and 11A). This behavior is identical to that of the Gecn4 ADs (27). In contrast, both ADs
bound to ABD1, -2, and -3 (Fig. 9B to D and 11B to D). For Met4, the order of highest
to lowest binding was ABD3>ABD1>ABD2, with affinities ranging from 1 to 20 uM. The
relative order of Ino2 interactions was the same, but all of the individual interactions
were weaker than those seen with Met4, ranging from 8 to 34 uM. The highest-affinity
interactions were seen with Med15 polypeptides containing all ABDs: KIX plus ABD123
and ABD123 (Fig. 10). For both activators, constructs containing the KIX domain had the
highest affinity for the ADs even though binding to the isolated KIX domain was
undetectable in our assays. This is consistent with results found for Gen4, where the KIX
domains seemed as functionally important as any of the Med15 ABDs (27) and where
KIX plus ABD123 had the highest affinity for the tandem Gcn4 ADs (20). Combined, our
results show that Med15 polypeptides with multiple ABDs have much higher affinity for
Met4 and Ino2. For example, Met4 binds KIX plus ABD123 with ~7-fold-higher affinity
than ABD3 (K [dissociation constant] of 0.196 versus 1.36 uM) and Ino2 binds KIX plus
ABD123 with 36-fold-higher affinity than ABD3 (K, of 0.21 versus 7.8 uM). Finally,
despite our finding that Met4 had higher affinity than Ino2 for the individual Med15
ABDs, the affinities of Ino2 and Met4 for the longer Med15 polypeptides were remark-
ably similar (K, of ~0.2 uM for KIX plus ABD123 and ~0.3 uM for ABD123).
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FIG 9 Measurement of Met4-Med15 binding by isothermal titration calorimetry. ITC was used to
determine the affinity and thermodynamic parameters of interactions of Met4 residues 72 to 160 with
the Med15 KIX domain (A), Med15 ABD1 (B), Med15 ABD2 (C), and Med15 ABD3 (D). All assays were
performed and curves fitted as described in Materials and Methods.

Our previous work showed differing thermodynamic behavior in the mechanism of
Med15 binding to the two Gecn4 ADs (20). For example, the Gen4 central activation
domain binding to ABD1 is exothermic, with a favorable change in enthalpy and a small
but positive entropy change. In contrast, the binding of the Gecn4 nAD to the individual
Med15 ABD1, -2, and -3 domains is endothermic, with unfavorable changes in enthalpy
counteracted by large positive changes in entropy. Binding of Met4 and Ino2 ADs also
showed surprising and varied thermodynamic behavior depending on the combination
of activator and Med15 ABD (Fig. 9 and 11) (Table 1). For example, binding of Gcn4 nAD,
Met4 AD, and Ino2 AD to ABD3 was consistently endothermic. In contrast, binding to
ABD1 and ABD2 was found to be endothermic or exothermic depending on the
activator.

Cross-linking (CL) reveals heterogeneous AD-ABD interactions within the
Met4-Med15 complex. The individual binding measurements described above showed
that Met4 and Ino2 interact with both the individual ABDs and the longer Med15
polypeptides, but such experiments cannot show whether the relative levels of affinity
or ABD specificity change in the larger complexes. For example, these studies showed
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FIG 10 Measurement of activator-Med15 binding by fluorescence polarization. FP was used to assay
binding of Oregon green-labeled Met4 72-160 (A) or Ino2 1-41-(GS);-96-160 (B) to Med15 ABD3, Med15
ABD123, and Med15 KIX plus ABD1, -2, and -3. All assays were performed in triplicate, and curves were
fitted as described in Materials and Methods.

that the KIX domain contributes to overall affinity, but the data do not resolve the
issue of whether there is direct contact between the AD and KIX. To examine the
binding mechanism of the Met4 tandem ADs with the full-length Med15 activator-
binding regions, we used the cross-linker EDC [1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide], which cross-links acidic side chains to lysine (Fig. 12) (see Table S3 in the
supplemental material). EDC is a zero-length cross-linker, linking only closely positioned
residues and leaving no linker in the cross-linked product. Analysis of the cross-linked
products by mass spectrometry (MS) identified cross-links between the individual Met4
ADs and Med15 KIX, ABD1, ABD2, and ABD3. All of the intermolecular cross-links were
between acidic residues in Met4 and lysine residues in Med15. Surprisingly, fewer
cross-links were detected with ABD3, which individually had the highest affinity for
Met4 among the ABDs. Our combined results show that Met4 made direct contacts
with KIX and that there was no unique protein complex formed upon binding of Met4
to Med15. Rather, our results are consistent with the tandem ADs rapidly sampling the
Med15 ABDs in a large dynamic fuzzy complex as previously proposed (6, 20).

DISCUSSION

Compared with most protein-protein interactions, interactions of transcription ac-
tivators with their targets are unusual. The primary sequence of ADs is not obviously
conserved among different activators; the factors are intrinsically disordered, and they
interact with multiple distinct targets having no obvious similarity. However, these
properties undoubtedly allow many activators to function through a variety of coacti-
vators and to modulate transcription at various promoters with different coactivator
requirements. Here, we have focused our investigations on characterizing two strong
yeast activators, Met4 and Ino2, to identify common and distinct features of yeast ADs.
Examining Met4, Ino2, and seven other strong yeast activation domains, we found that
all but one has similar levels of dependence on Mediator tail module subunit Med15 for
activation of two TATA-containing reporter genes.
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FIG 11 Measurement of Ino2-Med15 binding. ITC was used to determine the affinity and thermodynamic
parameters of Ino2 1-41-(GS),-96-160 interactions with the Med15 KIX domain (A), Med15 ABD1 (B), Med15 ABD2
(C), and Med15 ABD3 (D). All assays were performed and curves fitted as described in Materials and Methods.

Like Gen4, both Met4 and Ino2 have tandem ADs that are enriched for acidic and
hydrophobic residues. Tandem ADs may be another feature common to strong acti-
vators in eukaryotes, as mammalian viral and human activators such as VP16 and p53
also have tandem ADs. For Met4 and Ino2, these individual ADs were identified both
functionally and as blocks of moderately conserved sequences with helical propensity
imbedded in nonconserved flanking sequences. This, along with previous work, shows
that, although ADs do not have a common primary sequence motif, there are specific
sequence requirements that constitute a functional AD.

Both individual ADs of Met4 are of intermediate length; the conserved sequence
blocks are 22 residues long for both, and mutagenesis of conserved residues showed
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TABLE 1 Affinity of binding of Met4 and Ino2 ADs to Med15 derivatives®

Med15 derivative® Ky (uM) AH AS N Method

Met4-Med15 interactions
KIX NM N/A N/A N/A ITC
ABD1 59+ 05 1,780 = 26 30 0.85 ITC
ABD2 204 +34 3,789 =335 343 0.80 ITC
ABD3 1.36 = 0.1 8,920 = 46 57 1.01 ITC
ABD3 1.11 £0.23 N/A N/A N/A FP
ABD123 0.283 + 0.027 N/A N/A N/A FP
KIX + ABD123 0.196 = 0.015 N/A N/A N/A FP

Ino2-Med15 interactions
KIX NM N/A N/A N/A ITC
ABD1 253 *+34 —4,916 *= 286 4.4 0.85 ITC
ABD2 338+ 3.6 —2,440 £ 73 12.2 1.48 ITC
ABD3 775+ 09 2,250 = 61 31 0.66 ITC
ABD3 23304 N/A N/A N/A FP
ABD123 0.314 = 0.051 N/A N/A N/A FP
KIX + ABD123 0.213 = 0.019 N/A N/A N/A FP

aITC, isothermal titration calorimetry; FP, fluorescence polarization. For ITC measurements, calculated values
of AH cal/mole (enthalpy), AS cal/mole/degree (entropy), and N (molar ratio) are given. NM, not measurable;
N/A, not applicable.

bThe proteins used were as follows: Met4, residues 72 to 160 (72-160); Ino2, 1-41-(GS)5-96-160; KIX, Med15
6-90; ABD1, Med15 158-238; ABD2, Med15 277-368; ABD3, Med15 484-651; ABD123, Med15 158-651, A239-
272, and A373-483; KIX + ABD123, Med15 1-651, A239-272, and A373-483.

that conserved sequences of 13 and 15 residues are required for most of the AD
function. Mutagenesis of the ADs showed that only hydrophobic residues were critical
for normal function—identical to the finding of critical hydrophobic but not acidic
residues in the Gen4 ADs (18, 19, 24). The individual Ino2 ADs are larger than the
Met4 ADs, with 29- and 21-residue conserved sequence blocks. Mutagenesis of the
N-terminal AD found that a stretch of 29 residues was required for maximum function
that almost precisely matched the conserved sequence block. However, the C-terminal
AD was larger, with functionally important amino acids distributed over a span of 40

KIX ABD1 ABD2 ABD3
rr

B
Met4 AD KIX ABD1 ABD2 ABD3
Unique | Total | Unique | Total | Unique | Total | Unique | Total
nAD 4 9 11 23 16 28 2 2
cAD 3 5 8 28 6 15 3 3

FIG 12 Met4 ADs interact via a heterogeneous complex with the three ABDs of Med15. (A) Mass
spectrometry cross-linking experiments showed that cross-links were formed between regions through-
out Met4 AD and each of the Med15 ABD regions and to KIX. Cross-links between Met4 72-160 and
Med15 KIX123 are shown in the context of Met4 1-160 and Med15 1-651. Deleted regions are indicated
by the gray boxes. Red bars indicate lysine residues. Blue bars indicate aspartic acid and glutamic acid
residues. Conserved regions of the Met4 tandem ADs (shaded pink) are indicated as follows: N-terminal
AD (nAD) residues 82 to 112 and C-terminal AD (cAD) residues 139 to 160. Regions of Med15 containing
the ABDs are colored as follows: KIX (amino acids [aa] 6 to 90), yellow; ABD1 (aa 158 to 238), orange;
ABD2 (aa 272 to 372), green; ABD3 (aa 484 to 651), purple. (B) Summary of the number of unique
cross-links and frequency observed (Total) between the two Met4 ADs and the Med15 activator-binding
domains. A cross-link outside the Met4 AD conserved region (Met4 128-Med15 333) is not listed. Data are
from Table S3. Met4 N-terminal AD (nAD) and C-terminal AD (cAD) correspond to residues 72 to 116 and
126 to 160, respectively.
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residues. We also found that both Ino2 ADs contained functionally important hydro-
phobic and acidic residues. The acidic residues may function through nonspecific
electrostatic interactions with the coactivator targets or, alternatively, may make direct
and specific contacts.

Monitoring the binding of Ino2 and Met4 to Med15 showed that they behaved in
many respects like Gen4. All bound Med15 ABD1, ABD2, and ABD3 with micromolar
affinity, and binding to the Med15 KIX domain was undetectable in our assays. Binding
of the tandem ADs to larger Med15 polypeptides showed that all had much higher
affinity than the individual ABDs and that the KIX domain contributed to overall affinity
under these conditions. These biochemical findings are consistent with those of our
earlier study that showed that the normal in vivo response to Gecn4 activation requires
multiple Med15 ABDs and the KIX domain. It seems likely that, since these individual
binding interactions are weak, multiple binding sites are required to increase the
affinity and specificity to reach a biologically meaningful range (53, 54).

An unexpected observation with Gen4, Met4, and Ino2 binding to Med15 was that
interactions with the individual ABDs could be either exo- or endothermic. The endo-
thermic interactions all had large unfavorable changes in enthalpy and were driven by
large positive changes in entropy. This behavior is opposite that expected because of
the entropic penalty paid upon binding of a disordered protein. However, it has been
proposed that, even in the bound state, IDPs can retain conformational entropy due to
fuzzy protein interfaces and conformational flexibility of the protein region not in direct
contact with the binding partner (55). However, these mechanisms do not seem to fully
explain the large, positive entropy changes observed. At this time, we do not under-
stand the mechanism for the large increase in entropy that occurs upon binding, but
it seems to be ABD and activator specific and is likely to result at least partially from
release of solvent during binding. As an example of thermodynamic specificity, binding
of ABD3 to Gcn4, Met4, and Ino2 was endothermic whereas the thermodynamics of
binding to ABD1 and ABD2 was activator specific. Understanding the mechanism of
endothermic binding will be important for understanding not only activator mecha-
nisms and specificity but, more generally, its characteristics as a mechanism likely used
for molecular recognition by other disordered proteins.

Finally, the Met4-Med15 cross-linking experiments allowed us to probe larger and
more physiologically relevant complexes. Upon mixing the Met4 tandem ADs with KIX
plus ABD123, cross-linking revealed that the individual Met4 ADs directly interacted
with each of the Med15 structured domains. This shows that there is no unique
Met4-Med15 protein complex and is consistent with the model that multiple Gcn4 ADs
rapidly sample individual Med15 ABDs in a large dynamic fuzzy complex (20). Since this
cross-linking behavior is identical to that observed with Gcn4, and because Met4 and
Ino2 have generally similar properties, we think it likely that all three activators function
by similar mechanisms. In the future, it will be important to understand more about
both the biochemical properties of these interactions and how frequently eukaryotic
activators use this mode of protein-protein interaction.

MATERIALS AND METHODS

Strains and plasmids. All yeast strains and primary plasmids used in this work are listed in Table S1
in the supplemental material.

Cell growth assays and measurement of steady-state mRNA levels. Yeast strains were grown in
duplicate to an optical density at 600 nm (ODy,) of 0.5 to 0.8 in 2% (wt/vol) dextrose synthetic complete
lle-Val-Leu medium at 30°C. Cells were induced with 0.5 ug/ml SM for 90 min to induce amino acid
starvation (27), RNA was extracted and assayed in triplicate by reverse transcription-quantitative PCR
(RT-gqPCR), and the results were analyzed as described previously (27). Data are listed in Table S2 as mRNA
ratios of ARG3 to ACT1 or HIS4 to ACTI.

Quantitation of in vivo AD-Gcn4 levels. Cells (1.5 ml) from the cultures used for the mRNA analysis
described above were pelleted and incubated in 0.1 M NaOH for 5 min at room temperature. Cells were
then pelleted and resuspended in 1X lithium dodecyl sulfate sample buffer (Life Technologies) contain-
ing 50 mM dithiothreitol (DTT) and were treated and analyzed as previously described (18).

Protein purification. All proteins were expressed in BL21(DE3) RIL Escherichia coli. Med15 constructs
were expressed and purified as described by Tuttle et al. (20). Ino2 1-41-(GS);-96-160 [(GS); is the linker;
GSGSGS] and Met4 72-160 constructs were expressed as N-terminal His,-SUMO-tagged proteins (Invit-
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rogen). Cells were lysed in a mixture containing 50 mM HEPES (pH 7.0), 500 mM NacCl, 40 mM imidazole,
10% glycerol, T mM phenylmethylsulfonyl fluoride (PMSF), and 5 mM DTT and purified using nickel-
Sepharose High Performance resin (GE Healthcare). Proteins were eluted in a mixture containing 50 mM
HEPES (pH 7.0), 500 mM NaCl, 500 mM imidazole, 10% glycerol, 1 mM PMSF, and 1 mM DTT. Purified
SUMO-tagged proteins were concentrated using 10K-molecular-weight-cutoff (MWCO) centrifugal filters
(Millipore), diluted 10X in a mixture containing 50 mM HEPES (pH 7.0), 500 mM NaCl, 40 mM imidazole,
10% glycerol, T mM All proteins, and 5 mM DTT, and digested with SUMO protease for 3 to 5 h at room
temperature using an ~1:800 protease/protein ratio. Cleaved Hiss-Sumo tag was removed using nickel-
Sepharose. Peptides were further purified by chromatography on a Source 15Q ion exchanger (GE
Healthcare) using a 50 to 350 mM NaCl gradient. To remove residual SUMO tag present in the sample
due to coelution on the Source 15Q ion exchanger, Ino2 peptides were purified over SUMO-1(CR) resin
(Nectagen) and collected in the flowthrough. All proteins were further purified using size exclusion
chromatography and Superdex 75 10/30 (GE Healthcare). Proteins used in fluorescence polarization and
isothermal titration calorimetry were eluted in 20 mM KH,PO, (pH 7.5)-200 mM KCI. Proteins used in
cross-linking-mass spectrometry (CL-MS) were eluted in phosphate-buffered saline (PBS) (pH 7.2). The
concentration of the purified proteins was determined by UV light/visible light (UV/Vis) spectroscopy
with extinction coefficients calculated with ProtParam (56).

FP and ITC binding experiments. The Ino2 1-41-(GS),-96-160 and Met4 72-160 used in fluorescence
polarization were labeled with Oregon green 488 dye (Invitrogen) as described in reference 27. FP
measurements were conducted using a Beacon 2000 instrument as described in reference 27, with
concentrations of Med15 spanning 0 to 200 uM (ABD3) or 0 to 125 uM (ABD1, ABD2, and ABD3 and KIX
plus ABD123). FP data were analyzed using Prism 7 (Graphpad Software, Inc.) to perform nonlinear
regression analysis using the one-site total binding model Y = B, - X/(K, + X) + NS - X + background,
where B, represents maximum binding, NS represents the number of binding sites, Y represents
arbitrary polarization units, and X represents the Med15 concentration.

ITC titrations were performed using a Microcal ITC200 microcalorimeter and 20 mM KH,PO, (pH
7.5)-200 mM KCI as described in reference 6. The following proteins (concentrations) were used: Med15
6-90 (79.7 wM) versus Ino2 1-41-(GS),-96-160 (1.32 mM); Med15 6-90 (79.7 uM) versus Met4 72-160 (1.27
mM); Med15 158-238 (111 uM) versus Ino2 1-41-(GS);-96-160 (2.59 mM); Med15 158-238 (117 uM) versus
Met4 72-160 (1.27 mM); Med15 277-368 (113 M) versus Ino2 1-41-(GS);-96-160 (1.32 mM); Med15
277-368 (59.7 uwM) versus Met4 72-160 (732 uM); Med15 484-651 (111 uM) versus Ino2 1-41-(GS),-96-160
(1.32 mM); Med15 484-651 (119 uM) versus Met4 72-160 (1.12 mM). The following parameters were the
same for all runs: cell temperature, 22°C; reference power, 11 pcal/s; initial delay, 120 s; stir speed, 1,000
rpm; injection spacing, 180 s; filter period, 5 s; injection rate, 0.5 ul/s. Activator was added over 16
injections (injection 1, 0.4 wl; injections 2 to 16, 2.55 wl). Calorimetric data were plotted and fitted with
a single binding site model using Origin 7.0 software (Microcal).

EDC cross-linking and MS sample preparation. A 50-ug volume of Med15 1-651 A239-272 and
A373-483 (KIX + ABD123) was mixed with a 3X molar excess of Ino2 1-41-(GS),-96-160 or Met4 72-160.
Samples were incubated with 15 mM (Met4) or 10 mM (Ino2) EDC and 2 mM Sulfo-NHS (Thermo
Scientific) in a 50-ul total volume with PBS at pH 7.2 (Met4) or a 150-ul total volume with PBS at pH 6.5 for
2 h at room temperature. Proteins were processed for MS analysis in a manner similar to that described by
Tuttle et al. (20). Protein samples were reduced with 50 mM TCEP [tris(2-carboxyethyl)phosphine] and
denatured with 8 M urea at 37°C for 15 min. The samples were then alkylated in the dark at 37°C with 15
mM iodoacetamide for 1 h. The samples were then diluted 10-fold with 100 mM ammonium bicarbonate
and digested with Glu-C (20:1 [wt/wt]) overnight at 37°C. Samples were then digested with trypsin (1:15
[wt/wt]) overnight at 37°C. Digested samples were purified by C,,; chromatography (Waters), eluted in
80% acetonitrile-0.15 trifluoroacetic acid, and dried in a SpeedVac.

MS and data analysis. EDC-cross-linked peptides were analyzed on a Thermo Scientific Orbitrap Elite
mass spectrometer at the proteomics facility at the Fred Hutchinson Cancer Research Center, and data
were analyzed as described in reference 57. Spectra were manually evaluated using a Comet/Lorikeet
spectrum viewer (Trans-Proteomic Pipeline) as described in reference 57.

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/MCB
.00038-18.

SUPPLEMENTAL FILE 1, PDF file, 0.1 MB.
SUPPLEMENTAL FILE 2, XLSX file, 0.1 MB.
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