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Abstract

Taf14 is a subunit of multiple fundamental complexes implicated in transcriptional regulation
and DNA damage repair in yeast cells. Here, we investigate the association of Taf14 with the
consensus sequence present in other subunits of these complexes and describe the mechanistic
features that affect this association. We demonstrate that the precise molecular mechanisms and
biological outcomes underlying the Taf14 interactions depend on the accessibility of binding
interfaces, the ability to recognize other ligands, and a degree of sensitivity to temperature and
chemical and osmotic stresses. Our findings aid in a better understanding of how the distribution
of Taf14 among the complexes is mediated.
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1. Introduction

Transcription initiation factor subunit 14 (Taf14) is a multifunctional yeast protein identified
in a diverse set of chromatin associating complexes implicated in transcriptional regulation,
DNA damage repair, chromosome maintenance, and cell cycle progression (Fig. 1a). Taf14
is an integral component of the general transcription factor (TF) complex TFIID, which
binds to gene promoters and plays a critical role in the assembly of the preinitiation complex
(PIC), and the TFIIF complex, which recruits RNA polymerase 11 (RNA Pol 1) to PIC [1-
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5]. Taf14 is also present in the histone acetyltransferase complex NuA3 that acetylates lysine
14 of histone H3 and facilitates transcription elongation [6], and in the ATP-dependent
chromatin-remodeling complexes INO80, SWI/SNF and RSC [3,7,8]. In addition, Taf14 is
functionally linked to the transcript elongation factor TFIIS, which promotes elongation by
RNA Pol 11 [9], and to the mediator complex [10]. Taf14 is required for the mitotic cell cycle
progression, and Taf14 depleted cells are characterized by cytoskeletal and morphological
defects, diminished transcription /n vivo, and are thermosensitive [2,11].

Taf14 contains two folded domains, the YEATS (Yaf9, ENL, AF9, Taf14, Sas5) domain and
the ET (extra-terminal) domain, coupled v/aa short linker (Fig. 1b). The YEATS domain

of Taf14 is a well-established reader of acylated lysine 9 of histone H3 (H3K9acyl), and
this function is essential in transcriptional regulation and DNA-damage response [12-15].
The unstructured linker is implicated in DNA binding, and this activity depends on dynamic
equilibrium between autoinhibited and open states of Taf14 [16]. The ET domain has been
shown to recognize the ‘hxh + h’ motif [where h is a hydrophobic residue, + is a positively
charged residue, and x is any residue] and named EBM (ET binding motif). EBM is present
in co-factors, such as Sth1, a subunit of the RSC complex, and Taf2, a subunit of TFIID
[16,17]. Interestingly, the ET domain of Taf14 undergoes liquid-liquid phase separation
(LLPS) with the cofactor binding stimulating LLPS [17]. The LLPS capability was proposed
to concentrate the Taf14-containing complexes at specific chromatin loci and drive efficient
gene expression [17]. Because Taf14 is present in multiple and distinctly different yeast
complexes, its precise biological role within each complex remains difficult to define.

In this study, we use structural, biochemical and mutagenesis tools to identify mechanistic
features that affect the Taf14 engagement with co-factors from different complexes. Our
genetic analysis using mutated co-factors provides an approach to disrupt the Taf14
association with individual co-factors and therefore dissect the role of Taf14 independently
in each complex.

2. Results and discussion

2.1. EBMs occupy a conserved binding site of Tafl4gt

Structural analysis of the Taf14 ET domain (Taf14gT) in complex with Sth1 peptide or Taf2
peptide shows that the peptides are bound in a cleft formed by a1 helix and p-sheet of

the protein [16,17] (Fig. 1c). Both Sth1 and Taf2 contain the hxh + h sequence, or EBM,
which is also present in Tfgl (Tfglggnm), a catalytic subunit of TFIIF, in Ino80 (Ino80ggm),
a catalytic subunit of the INO80 complex, and in Snf5 (Snf5ggp), a catalytic subunit of

the SWI/SNF complex (Fig. 1d). We used NMR spectroscopy to assess whether the EBM
recognition mode is conserved for other ligands of Taf14g1. We generated uniformly 15N-
labeled Taf14gT and recorded its 1H,15N heteronuclear single quantum coherence (HSQC)
spectra as unlabeled Tfglggm (aa 614-625), In080ggm (aa 368-379) and SnfS5gg\ (aa
782-793) peptides were gradually added to the protein samples (Fig. 1e). Large chemical
shift perturbations (CSPs) induced by either Tfglggpm, IN080ggMm OF SNf5egp in Tafldet
indicated formation of the complexes (Fig. 1e). A number of amide resonances of Tafl4gt
that were observed in the apo-state disappeared upon addition of the peptides, and another
set of crosspeaks corresponding to the EBM-bound state of Taf14g1 appeared. The slow
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and slow-to-intermediate exchange regime on the NMR timescale suggested tight binding,
and an overall similar pattern of CSPs induced by each peptide, as well as Taf2ggp [16],
indicated that these ligands are bound in the same binding site of Taf1l4gT.

2.2. Contribution of hydrophobic and ionic contacts

The structure of the Taf14gT-Taf2gg\m complex reveals that Taf2ggy forms the third
anti-parallel B-strand, pairing with the second p-strand of Taf14gy, and that the complex

is stabilized through extensive intermolecular contacts [16] (Fig. 1f). These include the
backbone-backbone hydrogen bonds, hydrophobic contacts involving the side chains of
V1397 and 11399 of Taf2gg)\ that are buried in the hydrophobic cleft of Taf14gT, as well
as electrostatic interactions involving R1400 and K1398 of Taf2gg)\. AlphaFold derived
models of full length Tfgl, Ino80 and Snf5 show that Tfglggpm, 1N080g\ and SnfSegp
adopt an extended conformation even in the apo-states of these proteins (Suppl. Fig. 1).
Notably, SnfSggp and Tfglggn superimpose with Taf2ggp or Sthlggy bound to Taflder
with an rmsd (root-mean-square deviation) of 0.9 A and 2.8 A, respectively (Fig. 1f). We
also found that hydrophobic contacts are required for binding of these ligands, as a single
point mutation of either 1618 or L620 in Tfglggy to an aspartate abolished the inter-action
with Tafl4gt (Fig. 19).

To delineate the contribution of hydrophobic and ionic contacts, we tested formation of

the Taf1l4g-Sthlggpm complex in variable salt concentrations using pull-down assays. GST-
Tafl4gt and Sumo-Sthlggy were incubated with glutathione Sepharose beads at 4 °C or
room temperature (RT) and Sumo-Sthlggy bound Tafl4et was detected by electrophoresis
(Fig. 2a, b). As shown in Fig. 2a, an increase in concentration of NaCl from 300 mM to 800
mM resulted in a reduced binding of Sth1lgg), indicating that electrostatic interactions are
essential for the formation of the tight complex which can be regulated by osmotic pressure
(Fig. 2c). Still, the binding was not completely abolished even at a salt concentration of 1 M,
indicating that hydrophobic contacts are the driving force of this interaction (Fig. 2b).

Interestingly, we found that in contrast to the binding of Ino80gg\ or Snf5Sggp (data

not shown), the interaction between Tafl4gt and Sthlggy is temperature sensitive. GST-
Tafl4gt pulled down more Sthlggp with the increase of the reaction temperature (Fig.
2a, b). Together, these data suggest that the degree of temperature and osmotic adaptation
could mediate the ability of Taf14 to form complexes to ensure the optimal growth and
proliferation of the mesophilic yeast.

2.3. Diverse mechanisms of the Taf14 complex formation

We have previously shown that both domains of Taf14, Tafl4gt and Tafl4ygars, are
capable of binding to Taf2gg\ and proposed a model in which Taf2ggp is sandwiched
between Tafl4gt and Tafl4years [16]. Upon Taf2ggp binding, a contiguous twisted 8-
sheet encompassing both domains of Taf14 could be created to release the linker region

of Taf14 for binding to DNA (Fig. 3a, b). As shown in Fig. 3c, full length Tafl4g_
maintained the ability to bind EBM peptides in NMR titration experiments. Much like
Taf2ggm, IN080ggM, SNf5egm, and Tfglegy induced CSPs in 15N-labeled Tafl4g, (Fig.
3c). However, CSPs in 1H,2°N HSQC spectra of the isolated 15N-labeled Tafl4ygars Were
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caused only by Taf2ggp (Fig. 3d). The inability of 1n080ggn, SNfSegnm, and Tfglggym to
induce significant resonance changes indicated that in contrast to Taf2ggp, these EMBS
do not interact with Taf14vgaTs and pointed to the unique binding mechanism that
differentiates the Taf14-Taf2 complex formation.

The dual domain engagement with Taf2ggp in Tafl4g led to a ~ two-fold tighter binding
compared to the interaction of an isolated Tafl4gt with Taf2ggp [16] (Fig. 4a). However,
the full-length Taf14 protein has been shown to exist in a dynamic equilibrium between the
autoinhibited state, in which Tafl4gt associates with the linker and therefore is not easily
accessible, and the open state, in which Tafl4gt is more freely available (Fig. 4b). To test
whether the Tafl4g, autoinhibition affects interactions with Ino80ggp, SNf5egm, Sthleggm
and Tfglggm, we measured binding affinities by microscale thermophoresis (MST) (Fig. 4a,
¢ and Suppl. Fig. 2). The measurements showed that compared to the isolated Tafl4gt [17],
Tafl4g associated five-fold weaker with Ino80ggp\ and seven-fold weaker with SnfSggm,
but its binding to Sth1ggn and Tfgleggm Was unaffected. Much like the isolated domain, the
full length protein had highest binding affinity toward Sth1lggp and In080gg\ (dissociation
constants (Kgs) of 0.07 uM and 1.2 pM, respectively) (Fig. 4a).

Another aspect of the Taf14-EBM complex formation that needs to be taken into account is
the accessibility of EBM sequences in full length proteins which can fine tune the assembly
of the complexes. Even though Taf2gg\ is located in the C-terminal tail of the protein,

the AlphaFold model of Taf2g suggests that this region is involved in intramolecular
contacts that may impede binding to Taf14 (Fig. 4d). Similarly, it is unclear how accessible
IN080ggm, SNfSegm, Sthlegm and Tfglegm are in the context of full length Ino80, Snf5,
Sth1 and Tfgl proteins (Fig. 4d) and whether this accessibility is regulated by interactions
with other ligands and/or conformational changes. Clearly, the binding capability of Taf14
have to be re-examined in the context of full length EBM-containing proteins.

2.4. EBM recognition is linked to distinct biological outcomes

To explore the ways to independently characterize the functional significance of EBM
recognition by Taf14, we investigated the phenotypes of yeast strains in which binding of
Snf5 and separately binding of Sthl to Taf14 was disrupted. We generated yeast strains
harboring L1204A/V1206A/11208A/L1210A mutant of Sth1 (sth1M4) and L785A/L787A/
1789A/L791A mutant of Snf5 (snf5M4) that are impaired in binding to Taf14gt [17]. The
plasmids carrying SNF5 or snf5V4 were transformed into a snf54 strain. As sth1 is an
essential gene, we transformed the diploid strain BY 4743 with plasmids carrying either wt
STH1I or sth1M4 and isolated spore clones carrying STHI or sthiM# plasmids. The sthiM4
strain with the Taf14-binding deficient mutant of Sth1 displayed heat-sensitivity and failed
to grow at 34 °C or 37 °C (Fig. 5a). In contrast, the snf5Y4 strain with the Taf14-binding
deficient mutant of Snf5 grew faster than wt at all temperatures tested (Fig. 5b). Collectively,
these results, together with the findings that the deletion of Taf2gg), leads to a mild slow
growth phenotype while preventing the stable association of Taf14 with TFIID [18], pointed
to distinct roles of the EBM recognition which can be examined through impairing EBMs.
Our data, for example, suggested that, unlike binding of Sth1, binding of Snf5 to Taf14
might be important for repressive action of the SWI/SNF complex. However, we cannot
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exclude the possibility that once the SWI/SNF complex is depleted of Taf14 due to defective
Snf5ggm, more Tafl4 is available to other complexes, and such a redistribution of Taf14
could also perturb functions of these complexes.

Comparison of the phenotypes of wt STHZ and sth1M4 yeast strains and wt SNVF5 and
snf5M4 yeast strains in response to DNA-damage agents, including methyl methanesulfonate
(MMS), phleomycin (Phle), and hydroxyurea (HU) further confirmed the effectiveness of
this approach in studying biological effects associated with the recognition of diverse EBM
ligands. The sth1M4 yeast strain showed slight growth defects compared to the wt STHZ
yeast strain (Fig. 5¢), but the snf5M# yeast strain grew much better than wt SA/F5 strain in
the presence of these drugs (Fig. 5d).

2.5. Concluding remarks

The findings that Taf14gT associates with several essential co-factors through recognizing
their EBM sequences raises the question as to what are the mechanisms that control the
distribution of Taf14 among the co-factor-containing complexes in yeast cells. In this study,
we show that while isolated EBM peptides tested are readily recognized by Tafl4gr,

the molecular mechanisms and biological outcomes of the full length Taf14 interactions
differ and depend on a variety of factors, including the ability of EBMs to alleviate the
Taf14 autoinhibitory state and interact with other ligands. In addition, the Taf14-containing
complexes can be characterized by a different degree sensitivity to temperature, nutrient,
chemical and osmotic stresses and likely depend on the accessibility of the EBM sequences
in the context of full length ligand proteins. The latter could have a profound impact

on Taf14 incorporation into the complexes, necessitating thorough investigation of the
interactions between full length binding partners.

We further demonstrate the feasibility of characterization of the role of Taf14 in specific
complexes through a design of EBM-impaired co-factors. This approach expands our
previous work showing that the disruption of Taf14-EBM interaction within the RSC
complex results in yeast cells incapable of growing at high temperature and alters the
transcription of genes involved in heat-response and catabolic metabolism [17]. Although
some Tafl4-mediated interactions have been characterized at the atomic resolution level
[12,14-17], to better understand the differences in binding co-factors, structures of

other complexes need to be elucidated. Additionally, cryo-EM studies could provide a
comprehensive view of the entire complexes and may reveal additional contacts of Taf14
with other subunits to fine tune the complex assemblies and functions.

3. Methods

3.1. Protein purification

The S. cerevisiae GST- and His-tagged Tafl4g, (aa 1-244), Tafldyears (aa 1-137),

and Tafl4gt (aa 168-243 and aa 162-243 K163N/R164Q/K166N) were expressed in
Escherichia coli Rosetta-2 (DE3) pLysS cells grown in either Terrific Broth, Luria Broth
or minimal media supplemented with 15SNH4CI (Sigma). Protein production was induced
with 0.3 mM IPTG for 18 h at 16 °C. Bacteria were harvested by centrifugation and
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lysed by sonication. GST-fusion proteins were purified on glutathione agarose 4B beads
(Thermo Fisher Sci). The GST-tag was cleaved with either PreScission or tobacco etch
virus (TEV) protease. His-fusion proteins were purified on a Ni-NTA resin (ThermoFisher)
and eluted with a gradient of imidazole. The His-tag was cleaved with TEV protease and
removed by dialysis. Unlabeled proteins were further purified by column chromatography
and concentrated in Millipore concentrators (Millipore). For pull-down assays, Sth1lggm-
containing fragment (aa 1183-1240) was expressed as a 6xHis-Sumo-tagged protein and
purified as above.

3.2. NMR experiments

Nuclear magnetic resonance (NMR) experiments were performed at 298 K on Varian
INOVA 900 MHz and 600 MHz spectrometers equipped with cryogenic probes. The NMR
samples contained 0.1-0.3 mM uniformly 1°N-labeled Tafl4g, , Taf14ygars, or Tafl4gT in
50 mM Tris-HCI pH 6.6-7.5, 150 mM NaCl, 0-5 mM DTT or 0.2 mM TCEP or in PBS pH
6.6-7.5, 0-5mM DTT and 8-10 % D,O0. Binding was characterized by monitoring chemical
shift changes in H,1°N HSQC spectra of the proteins induced by the addition of Tfglggm
(aa 614-625), In080gg\ (aa 368-379), SnfS5gg\m (aa 782—793) and Taf2ggp (aa 1392-1402)
peptides (synthesized by Synpeptide). NMR data were processed and analyzed as described
[19].

3.3. GST pull-down assays

3.4. MST

For pull-down assays, 50 pug of GST-tagged Tafl4gt and 50 pg Sumo-Sthlggy were mixed
with 10 pL of glutathione Sepharose 4B beads in 100 pL of binding buffer (25 mM
Tris-HCI, pH 8.0, 300 mM/ 500 mM/ 800 mM /1 M NaCl, and 2 mM DTT). 10 pL reaction
mixtures were taken out as input controls. After incubation at the indicated temperature for 3
h, the beads were washed four times with 500 uL of the binding buffer. The bound samples
were eluted with 25 pL elution buffer (15 mM reduced glutathione, 25 mM Tris-HCI, pH
8.0, 300 mM/500 mM/800 mM/1 M NaCl, and 2 mM DTT). The input and eluted samples
were analyzed by SDS-PAGE.

Microscale thermophoresis (MST) experiments were performed using a Monolith NT.115
instrument (NanoTemper). All experiments were performed using SEC purified His-Taf14g_
protein in a buffer containing 20 mM Tris-HCI pH 7.5, 150 mM NaCl and 0-0.2 mM TCEP.
His-Taf14g_ was labeled using a His-Tag Labeling Kit RED-tris-NTA (2nd Generation,
Nanotemper), and concentration of each labeled protein was kept at 10 nM. Dissociation
constants were determined using a direct binding assay in which increasing amounts of
unlabeled binding partner (Tfglegm, SNf5egm, Sthlegm or IN080ggnm peptides) were added
stepwise. The measurements were performed at 40 % LED and medium MST power with 3
s steady state, up to 20 s laser on time and 1 s off time. The Kq values were calculated using
MO Affinity Analysis software (NanoTemper) (77 =3; 2 for Snf5). Plots were generated in
GraphPad PRISM.
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3.5. Stress resistance assay and growth assay

Yeast strains were cultured in YC medium at 30 °C and suspended in sterile water at a

final concentration of ODggg ~ 0.3. Five-fold serial dilutions were plated onto YC medium
containing the different concentrations of HU, MMS, and Phle. Plates were incubated at
different temperatures for 2—-3 days and photographed. Each assay was repeated three times,
and all showed consistent results, therefore one representative result is shown.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
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Page 9

EBM
118

124

(wdd) yiys [eo1wdyd Ng,

EBM binding site of Taf14gT. (a) Taf14 is a component of a diverse set of yeast complexes.
(b) Domain architecture of full length Taf14 (Taf14g,). (c) Structural overlay of Tafl4gt
(grey) in complex with Sthlggy (green) (PDB 6LQZ) and Tafl4gt (wheat) in complex with
Taf2ggp (yellow) (PDB 7UHE). (d) Alignment of the EBM (ET domain binding motif)
sequences from Ino80, Taf2, Tfgl, Snf5 and Sth1 proteins. In the consensus sequence, h is
a hydrophobic residue, + is a positively charged residue, and x is any residue. Conserved
hydrophobic and lysine residues are orange and blue, respectively. (¢) Superimposed 1H,1°N
HSQC spectra of Tafl4gT recorded in the presence of increasing amounts of Tfglggm,
INno80gg\m and Snf5ggp. The spectra are colour coded according to the protein:peptide
molar ratio. (f) Structural overlay of Sth1ggp (green) from the Tafl4gr-Sthlggy complex,
Taf2ggm (dark yellow) from the Tafl4gr-Taf2gg\m complex, and Snf5ggp (salmon) from
Snf5g generated by AlphaFold. Taf14g7 (wheat) only from the Tafl4gt-Taf2ggp complex
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is shown as a ribbon for clarity. Residues of EBM peptides are shown as sticks and labeled.
(9) Superimposed 1H,1°N HSQC spectra of Tafl4gt recorded in the presence of increasing
amounts of the indicated mutants of Tfglggm. The spectra are colour coded according to the
protein:peptide molar ratio.
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Fig. 2.

Ef%ects of hydrophobic and ionic contacts. (a, b) SDS-PAGE gels showing binding

of SUMO-Sthlggy to GST-Tafl4gT on glutathione Sepharose 4B beads at indicated
temperature and NaCl concentrations. (c) The structural model of the Tafl4g1-Sthlggpm
complex. Tafl4gT is shown as a surface model colored according to its electrostatic potential
(positive potential is blue and negative potential is red). Residues of the Sthlggy peptide are
shown as green sticks.
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Unique mechanisms of the Taf14 complex formation. (a) Schematic of Taf14g in
complex with H3K9acyl and Taf2ggm. (b) Overlay of the crystal structures of the
Tafl4vears:H3K9cr complex (light green:grey), Tafl4gt:Taf2gg\ complex (wheat:yellow),
and the cryo-EM structure of Taf14g in the RNA Pol Il TFIIF complex (5SVA, not shown)

[4]. (c, d) Superimposed 1H,1°N HSQC spectra of Tafl4g,_(c) or Tafl4ygars (d) recorded in
the presence of increasing amounts of the indicated EBMs. Taf2gg)\ data are from [16]. The
spectra are colour coded according to the protein:peptide molar ratio.
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Fig. 4.

Full length Taf14g_ binds EBM. (a) Binding affinities to indicated EBMs measured by MST.
Kq values represent average of three independent measurements = SEM (two for Snf5).
Taf2gg\ data are from [16]. (b) A model of the autoinhibited apo-state of Tafl4g . (c) MST
binding curve for the interaction of Taf14g with Tfglggm. The Ky value represents average
of three independent measurements + SEM, and error bars represent SEM for each point.
n= 3 (d) AlphaFold generated models of the structures of the EBM-containing proteins in
apo-states. The EBM sequence is red.
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Fig. 5.

Genetic analyses of the Taf14-Sth1 and Taf14-Snf5 interactions. (a) Spotting assays with
SthiA strains transformed with plasmids expressing full-length wild-type Sthl or M4
mutant (L120A/V1206A/11208A/L1210A) at different temperatures. (b) Spotting assays
with snf5A strain transformed with plasmids expressing full-length wild-type Snf5 or

M4 mutant (L785A/L787A/I789A/L791A) at different temperatures. () Spotting assays
with sth1A strains transformed with plasmids expressing full-length wild-type Sth1 or M4
mutant on plates containing 20 mM hydroxyurea (HU), 0.015 % methyl methane sulfonate
(MMS), and 10 mg/ml phleomycin (Phle) at 30 °C. (d) Spotting assays with sn75A4 strains
transformed with plasmids expressing full-length wild-type Snf5 or M4 mutant on plates
containing 20 mM hydroxyurea (HU), 0.015 % methyl methane sulfonate (MMS), and 10
mg/ml phleomycin (Phle) at 30 °C.
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