


















Common evolution for TAF11, TAF13, and SPT3 proteins

TAF11 and TAF13 are TFIID-specific HFD interaction
partners with a simple organization of a single HFD (Gup-
ta et al. 2017). Notably, the SPT3 subunit of SAGA con-
tains two HFDs in tandem. The HFD of SPT3 at the N-
terminal half resembles TAF13, while the one in the C-
terminal half is homologous to TAF11 (Gangloff et al.
2001b). TBP has been shown to interact with both the
TAF11/TAF13 dimer and SPT3 (Eisenmann et al. 1992;
Mengus et al. 1995). This raises questions about the evo-
lutionary relationship between the three proteins. To ex-
amine this, the HFDs of SPT3 were separated in order to
infer a phylogenetic tree of SPT3-N, SPT3-C, TAF11,
and TAF13, which suggest a pre-LECA origin of these pro-
teins (Supplemental Fig. S14). The tree showed two clear
clusters—one containing mainly the TAF13 and SPT3-N
HFDs, while the other contained the TAF11 and SPT3-C
HFDs. Within these clusters, additional separation is
also observed between the TAFs and SPT3 sequences,
which stresses their subfunctionalization in TFIID and
SAGA.

TAF11 and TAF13 are widespread across the entire eu-
karyotic tree with a few exceptions in SAR species (name-
ly, Albugo laibachii and Bigelowiella natans), which
contain a single HFD cluster with the SPT3-N HFD (Sup-
plemental Fig. S14). Due to the HFD sequence similarity,
it remains possible that these are TAF13 proteins in real-
ity. Essentially, all opisthokonta contain SPT3, with the
most notable exception of Thecamonas trahens (part of
apusozoa), which is an early branching sister group of
amoebozoa (Supplemental Fig. S1; Paps et al. 2013). In oth-
er supergroups, SPT3 is seemingly lost, with the exception
ofNaegleria gruberi (excavates),Acanthamoeba castella-
nii (amoebozoa), Galdieria sulphuraria, and Cyanidio-
schyzon merolae (red algae) (Supplemental Fig. S14). The
differential loss of SPT3 outside of opisthokonta suggests
the existence of SAGA lacking SPT3 in those organisms or
sharing TAF11 and TAF13 with TFIID. This could be re-
solved by biochemical analysis of SAGA complexes
from organisms lacking SPT3.

The TAF11/TAF13/SPT3 gene tree points toward two
hypotheses for the origin of these proteins. (1) SPT3 is

the ancestral protein (Fig. 6A). This pre-LECA ancestor
(aSPT3) would have duplicated, and TAF11 and TAF13
then arose as the result of a gene split. (2)TAF11 and
TAF13 were the ancestral proteins (Fig. 6B), both of which
were duplicated before fusing into SPT3 in a pre-LECA ge-
nome. Irrespective of the exact scenario, the duplication
allowed subfunctionalization toward either SAGA
(SPT3) or TFIID (TAF11 and TAF13), while the ancestor
was likely functional in both complexes. The aSPT3
hypothesis describes the more evolutionarily simple pro-
cess, which requires only two events (duplication
followed by fission). In contrast, the TAF11/TAF13 hy-
pothesis requires two independent duplications followed
by a specific fusion between SPT3-N and SPT3-C.

In summary, the analysis of the TAF11, TAF13, and
SPT3 orthologous groups revealed their common ancestry
and pre-LECA roots. Our results reveal that duplication
and subfunctionalization differentiated the proteins in
TFIID- and SAGA-specific subunits.

Discussion

This work reconstructs the evolutionary history of TAF
subunits forming the basal transcription complex TFIID,
which is central to all Pol II transcription. A common
theme emerging is a pre-LECA origin for all TFIID sub-
units, with the later duplications resulting in TAF3,
TAF4B, TAF4x, TAF7L, TAF9B, and TAF1L. Most likely,
an almost complete—as compared with human TFIID—

complex existed in pre-LECA ancestors (Fig. 7). Our anal-
ysis of the eukaryotic lineage revealed that most of the
TAF duplication events occurred predominantly in opis-
thokonta branches. Large expansions of TF and cofactor
families in metazoan evolution have been suggested to
support increased morphological and genome complexity
(Cheatle Jarvela and Hinman 2015). The observations
with TFIID match well with a versatile transcriptional
regulation in opisthokonta. The only other clade in which
TFIID is duplicating, albeit it to a lesser extent, is plants.
Other examples of evolutionary expansions in major cel-
lular complexes are observed in ribosomes, spliceosomes,
and proteasomes (Vosseberg and Snel 2017).

A

B

Figure 6. Inferred evolutionary history of
TAF11/TAF13/SPT3. (A) SPT3 is the ances-
tral protein that gave rise to TAF11 and
TAF13 through a duplication followed by a
gene fission. (B) TAF11 andTAF13 are ances-
tral and gave rise to SPT3 through indepen-
dent duplications followed by gene fusion.
WGD events are shown in blue arrows.
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A salient feature in TFIID evolution is the extensive dy-
namics of chromatin reader and TF-binding domains be-
tween the TAFs in opisthokonta and streptophyta.
Notably, highly dynamic chromatin reader domains occur
only in the TAF1, TAF2, and TAF3 subunits (Fig. 7). TAF3
was duplicated from TAF8 early in opisthokonta evolu-
tion and acquired a PHD finger, which was lost subse-
quently in later branching fungi (such as dikarya). In
striking similarity, metazoan TAF1 acquired a second
BrD, while TAF1 in dikarya (branching in fungi) has lost
its BrD. In early fungi, highly dynamic BrDs are present
in TAF2, which could compensate for the loss in TAF1
BrDs in some fungal species. Ascomycota (part of dikarya)
subsequently lost BrDs fromTAF2. Interestingly, all com-
mon yeastmodels are included in ascomycota, which sug-
gests that research in S. cerevisiae and S. pombe focuses
on an intriguing exception of the TFIID complex. In these

model systems, TFIID is entirely deprived of chromatin
reader domains as comparedwith TFIID complexes across
the rest of the eukaryotic lineage. This is consistent with
previous work in S. cerevisiae, which shows a reduced as-
sociation of TAFs with chromatin regulators (Huisinga
and Pugh 2004). Notably, S. cerevisiae has been character-
ized by loss of components of other cellular machineries,
including the spliceosome and RNA-modifying and pro-
tein-folding complexes (Aravind et al. 2000; Vosseberg
and Snel 2017). Complexity reduction in evolutionary
terms often indicates alternative (and beneficial) func-
tional adaptations of the living organism. Such benefits
are exemplified by the lack of an RNAi pathway in S. cer-
evisiae, which allows for its symbiotic coexistence with
the dsRNA killer virus, which is highly toxic for other
fungal species (Drinnenberg et al. 2011). With respect to
transcription, the loss of epigenetic domains indicates
that TFIID becomes less dependent on chromatin marks
for targeting to promoter regions during the course of fun-
gal evolution. How this correlates with SAGA fungal evo-
lution, where SPT7 has gained a BrD, remains to be tested.
During plant evolution, TAF1 acquired a ubiquitin-like
domain in streptophyta, and TAF4 has gained nonhomol-
ogous TF-binding interface RST (as opposed to the meta-
zoan NHR1 domain). This indicates that TFIID is a
direct TF target in archaeplastida. Furthermore, TAF4
and TAF12 duplications in the plant kingdom indicate
possible roles in driving specific lineage programs. The
domain analysis of TAF2 revealed the presence of a highly
conserved HEAT2-like repeat region. HEAT repeats are
commonly present in a wide range of eukaryotic proteins.
TAF6 also has a HEAT repeat region, which has been pro-
posed as highly flexible (Yoshimura and Hirano 2016). In
TAF1, we also confirmed the presence of a Zn knuckle
structure (Curran et al. 2018), which represents a highly
conserved Zn finger involved in directing TFIID promoter
binding (Curran et al. 2018).
The phylogenetic analysis of TAFs stresses the evolu-

tionary linkage of TFIID with SAGA (Fig. 7). We propose
that at least eight invariable subunits (ancestral TAF4,
TAF5, TAF6, TAF8, TAF9, TAF10, TAF11/13, and
TAF12) were shared between the two complexes and
that their divergence already started at a pre-LECA stage
(Fig. 7). Probably TAF4/ADA1 and TAF11/TAF13/SPT3
(and possibly TAF8/SPT7) were the first shared members
to duplicate and subfunctionalize toward each of the com-
plexes, indicating their core role in TFIID and SAGA
structural discrimination. This facilitated functional sep-
aration of the TFIID and SAGA complexes. In contrast,
TAF5L and TAF6L are more recent SAGA-specific sub-
functionalizations. In animals, TFIID shares only three
subunits (TAF9, TAF10, and TAF12) with SAGA (Fig. 7).
Interestingly, TFIID-specific subfunctionalizations are
also evident among metazoa, including TAF4B in verte-
brates and TAF4x in fish, mammalian TAF7L, placental-
specific TAF9B, and the Old World monkey-specific
TAF1L (Fig. 7). The high rate of TAF subfunctionalization
coinciding with increased morphological complexity
implies a selection for functional divergence of TFIID
and SAGA, which started in the pre-LECA era. Our

Figure 7. Model of TFIID and SAGA evolutionary divergence
from pre-LECA until fungal and metazoan ancestors. In a pre-
LECA, the ancestral repertoire (green) of TFIID and SAGA was
completelyshared.Throughduplicationandsubfunctionalization
of the resulting paralogs, the complexes diverged to share fewer
subunits throughout eukaryotic evolution (pink and gray). Meta-
zoan TFIID acquired several lineage-specific paralogs (e.g.,
TAF1L, TAF4B, TAF4x, TAF7L, and TAF9B). Epigenetic domains
are differentially gained and lost in metazoan and fungal TFIID
and SAGA:MetazoanTFIID acquired epigenetic domains (double
BrDs inTAF1andaPHDinTAF3),whilemetazoanSAGAlostBrD
in SUPT7L (retained in fungal SAGA); in contrast, fungal TFIID
gradually lost the TAF3 PHD and carries only one BrD in TAF1
(in some late fungi, the BrDs are completely lost). Additionally,
fungal TAF2 displays dynamic gains and losses of numerous
BrDs, in contrast tometazoan TAF2. Unique and shared subunits
as well as dynamics in epigenetic reader domains are color-coded
as indicated.
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orthologous trees provide a framework for evolutionary
reconstruction of the structural changes underlying TAF
subfunctionalization through paleostructural biology.
From a broader perspective, it is clear that the analysis
of TFIID evolution exemplifies how phylogenetic protein
interrogation aids in uncovering existing structures, draw-
ing parallels between related complexes, and challenges
offered by genome expansions can be countered by ex-
ploiting chromatin modifications.

Materials and methods

Phylogenetic analysis of the TFIID complex members

Species and genome selection To reconstruct the evolution of the
TFIID subunits across the eukaryotic tree of life, a selected refer-
ence set of species was chosen such that it was large enough to re-
liably reconstruct TFIID subunit dynamics across the eukaryotic
tree of life but small enough for manual curation and inspection
of protein phylogenies (Supplemental Table S1). Predicted prote-
omes for these species were downloaded from diverse sources
(Supplemental Table S1), and protein identifiers were changed
to allowmanual annotation of duplications and losses in the pro-
tein trees. For a subset of TFIID subunits, the addition of specific
proteins from phylogenetically informative species was essential
to accurately time the duplications and losses. These protein-spe-
cific additions included primates and placental mammals for
TAF1, nontetrapod vertebrates for TAF4, streptophytes for
TAF12, and early branching mammals for TAF7 as well as TAF9.

Sequence analysis and alignment Protein domains were identified
using Pfam version 29.0 (Finn et al. 2016) or CDD (Marchler-
Bauer et al. 2015) or were based on literature-proposed domains
(Supplemental Fig. S15). Orthologous groups for each TAF were
acquired using Pfam’s gathering cutoffs or manual curation
when new HMMER models were made. Sequences were aligned
usingMAFFT version 7.294 einsi or linsi based on the domain or-
ganization of the proteins (Katoh and Standley 2013). linsi was
used mostly for orthologous groups where a single domain or ex-
cised domains were aligned, while einsi was used for groups with
complex domain organizations. Alignments were visualized us-
ing Jalview (Waterhouse et al. 2009). After manual inspection,
alignments were curated with the trimal option automated if
the alignment contained few gaps or gappyout if the alignment
was patchy (Capella-Gutierrez et al. 2009). Curated alignments
of selected species were visualized using ESPript 3.0, and con-
served residues at >70% threshold were marked.

Phylogenetic reconstruction and annotation Phylogenetic trees were
reconstructed with default Phyml version 3.0 settings (LGmodel
of evolution) (Lefort et al. 2017) using the curated alignments
(Supplemental Fig. S15). Visualization was done in interactive
Tree Of Life (iTOL) (Letunic and Bork 2007). A custom Python
script was developed to provide a file for iTOL to color the se-
quences according to which eukaryotic supergroup the species
belong and where the proteins came from (Burki 2014). A second
custom python script was developed to provide a file for iTOL to
delineate and color domain organization of each protein, as in-
ferred from Pfam searches as described above. The resulting phy-
logenetic trees were reconciled with the species tree using
phylogenetic as well as domain considerations to infer timing
of gene duplications and losses. The results of these reconcilia-
tions are shown in Figures 2–5 and Supplemental Figures S2–S7
and S9–S14.

Data availability

The results fromall intermediate steps aswell as all final trees are
available at https://bioinformatics.bio.uu.nl/snel/TFIID. These
results include custom HMMER models to search for domains,
FASTA files of orthologs, selected protein domain alignments
(both the FASTA files and the imagery representation), and anno-
tated protein trees. Graphical representations of the domain and
protein alignments for selected species are in Supplemental Fig-
ures S16–S32.

Glossary

Note:With recent advances in phylogenetics, the classical taxon-
omy of the eukaryotic tree of life has undergone extensive revi-
sions. As a result, there is a current lack of uniform taxonomic
nomenclature for eukaryotes. This glossary aims to familiarize
the readers in general terms with the species and names used
throughout the study. For further reading on the different classifi-
cations,wesuggest several reviews (Burki2014;Brownet al. 2018).
Acanthamoeba castellanii: genus in amoebozoa.
Actinopterygii: ray-finned fish, in which skin webs of the fins

are connected by bony spines; kingdom of metazoa.
Albugo laibachii: species belonging to the supergroup of SAR

(stramenopiles, alveolates, and rhizaria); pathogens of A.
thaliana.
Alveolates: a taxonomic group of primarily single-celled eu-

karyotes, characterized by the presence of sacs underneath their
cell membranes; forms the “A” in the eukaryotic supergroup
SAR.
Amoebozoa: a taxonomic group of primarily single-celled eu-

karyotes, characterized by the presence of pseudopodia and
movement through internal cytoplasmic flow.
Angiosperm: a large group in the kingdom of plantae, which in-

cludes flowering land plants.
Aplanochytrium kerguelense: a genus included in the eukary-

otic supergroup of SAR; a common marine microorganism.
Apusozoa: or obazoa, is an early branching group in eukarya,

which includes opisthokonta (also known as fungi and animals
but not plants) but excludes amoebozoa.
Arabidopsis thaliana: flowering plant (plantae kingdom); a

model organism commonly used in laboratory settings.
Archaeplastida: a taxonomic classification that includes viridi-

plantae (e.g., land plants and green algae) as well as rhodophytae
(e.g., red algae).
Ascomycota: phylum in the fungal subkingdom of dikarya,

which includes the commonly used yeast model organisms
(e.g., S. cerevisiae, K. lactis, N. crassa, and S. pombe).
Basidiomycota: phylum in the fungal subkingdom of dikarya,

which includes mushrooms.
Bigelowiella natans: flagellated species in SAR with a marine

lifestyle; model organism in laboratory settings.
Blastocystis hominis: a genus belonging to the eukaryotic

supergroup of SAR; contains unicellular parasites capable of in-
fecting humans.
Blastocladiomycota: phylum in the kingdom of fungi; parasitic

lifestyle; includes model organisms Allomyces macrogynus and
Blastocladiella emersonii.
Callithrix jacchus: commonmarmoset, a NewWorld monkey;

a model organism used in laboratory settings.
Chytridiomycota: division in the kingdom of fungi, character-

ized by the unique (for fungi) ability to lead a motile lifestyle
due to presence of posterior flagellum; a parasite among plants
and amphibians.
Cyanidioschyzon merolae: unicellular extremophile adapted

to sulphur-rich hot spring environments; red algae; a model
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organismwithminimalist cell structure, used for studying organ-
elle and cellular organization.
Danio rerio: or zebrafish, is a ray-finned fish (skin webs of the

fins are connected by bony spines) in the kingdom of metazoa;
commonly used model organism in research and popular in
aquarium trade.
Dikarya: subkingdom of fungi, also known as “higher fungi.”
Excavata: eukaryotic supergroup, including flagellated unicel-

lular organisms.
Fonticula: a genus with lifestyle similar to clime mold; in-

cludes unicellular organisms capable of assembling intomulticel-
lular structures; relative of fungi.
Galdieria sulphuraria: species of red algae; a thermoacidophile,

suggested to have acquired its extremophilic adaptations through
rare horizontal gene transfer events from archaea and bacteria.
Hylobates leucogenys: or Nomascus leucogenys, white-

cheeked gibbon; species of Old World monkey.
Holozoa: taxonomic group within opisthokonta that includes

animals and closely related unicellular organisms but excludes
fungal branches.
Klebsormidium flaccidum: a species of fresh-water filamen-

tous green algae; kingdom of plantae.
Kluyveromyces lactis: a species of Saccharomycetes class

(ascomycota division); part of fungi kingdom; commonly used
model organism in yeast studies.
Loxodonta africana: or African savanna elephant; mammal;

kingdom of metazoa.
Latimeria chalumnae: species of coelacanth (living fossil), lobe-

finned fish; fins are supported on a fleshy lobe-like structure con-
nected to the body in away similar to tetrapod limbs;more closely
related to tetrapods than to ray-finned fish, kingdom of metazoa.
LECA: last eukaryotic common ancestor; proposed and recon-

structed unicellular organism with nucleus.
Mucor circinelloides: species of mucormycota division; fungi

kingdom; frequently infecting farm animals.
Monodelphis domestica: (laboratory) opossum,mammal in the

marsupial cohort; metazoa kingdom; model organism.
Macropus eugenii: wallaby, mammal in the marsupial cohort;

metazoa kingdom; model organism.
Mammalia: all animals nursing their young with milk; meta-

zoa kingdom.
Marsupialia: cohort of mammals, carrying their young in

pouch; metazoa kingdom.
Metazoa: kingdom of animals.
Mortierellomycetes: fungal order, belongs to mucoromycota

phylum; fungi kingdom.
Mucoromycota: a lineage in the fungal kingdom, separate from

dikarya; includes common bread mold.
Mus musculus: house mouse, mammal in the order rodentia;

metazoa kingdom; commonly used model organism.
Naegleria gruberi: species belonging to excavata, capable of

changing from amoeba to flagellated unicellular organism with
cytoskeletal structure.
Nematostella vectensis: or starlet sea anemone, a species of sea

anemone; metazoa kingdom; model organism, holding position
at the base of the animal tree; predatory lifestyle.
Neurospora crassa: species of ascomycota (dikarya lineage);

fungal kingdom; model organism.
New World monkeys: includes families of primates, distin-

guished fromOldWorldmonkeys and apes in the nasal structure,
among others; metazoa kingdom.
Ornithorhynchus anatinus: or platypus, is an egg-laying mam-

mal; metazoa kingdom.
Oxytricha trifallax: species in SAR; ciliated model organism.
Old World monkey: family of primates, more closely related to

hominoid lineages thanNewWorldmonkeys; metazoa kingdom.

Opisthokonta: group of eukarya, which includes animal, fungal
lineages, and their unicellular relatives but not plants.
Papio anubis: or olive baboon,member of OldWorldMonkeys;

metazoa kingdom.
Phycomyces blakesleeanus: filamentous fungal species, be-

longs to mucoromycota phylum; fungi kingdom.
Physcomitrella patens: earth moss, species in the kingdom of

plantae; model organism.
Placentalia: cohort ofmammals, carrying their young inwomb;

metazoa kingdom.
Protozoa: unicellular heterotrophic eukaryotes.
Rhizaria: taxonomic group of mostly unicellular organisms,

which forms the “R” in the eukaryotic supergroup of SAR.
Saccharomyces cerevisiae: species of ascomycota (dikarya lin-

eage); fungal kingdom; common model organism.
SAR: taxonomic supergroup of primarily single-celled eukary-

otes (includes stramenopiles, alveolates, and rhizaria groups).
Sarcopterygii: a class of lobe-finned fish, including coelacanths

and closely related to tetrapoda; kingdom of metazoa.
Schizosaccharomyces pombe: species of ascomycota (dikarya

lineage); fungal kingdom; common model organism.
Stramenopiles: diverse group of eukaryotes, including plant

pathogenic oomycetes, photosynthetic diatoms, and brown algae
such as kelp; forms the S in eukaryotic supergroup SAR.
Streptophyta: a branching in the kingdom of plantae that in-

cludes land plants and green algae and excludes red algae.
Thecamonas trahens: genus of apusozoa.
Tetrapoda: includes four-limbed vertebrates; kingdom of

metazoa.
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