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ABSTRACT

TEX264 (testes expressed gene 264) is a single-pass transmembrane protein, consisting of an N-terminal
hydrophobic region, a gyrase inhibitory (Gyrl)-like domain, and a loosely structured C terminus. TEX264
was first identified as an endoplasmic reticulum (ER)-resident Atg8-family-binding protein that mediates
the degradation of portions of the ER during starvation (i.e., reticulophagy). More recently, TEX264 was
identified as a cofactor of VCP/p97 ATPase that promotes the repair of covalently trapped TOP1 (DNA
topoisomerase 1)-DNA crosslinks. This review summarizes the current knowledge of TEX264 as a protein
with roles in both autophagy and DNA repair and provides an evolutionary and structural analysis of
Gyrl proteins. Based on our phylogenetic analysis, we provide evidence that TEX264 is a member of
a large superfamily of Gyrl-like proteins that evolved in bacteria and are present in metazoans, including
invertebrates and chordates.

Abbreviations: Atg8: autophagy related 8; Atg39: autophagy related 39; Cdc48: cell division cycle 48;
CGAS: cyclic GMP-AMP synthase; DPC: DNA-protein crosslinks; DSB: DNA double-strand break; ER:
endoplasmic reticulum; Gyrl: gyrase inhibitory domain; LRR: leucine-rich repeat; MAFFT: multiple align-
ment using fast Fourier transform; MAP1LC3/LC3: microtubule-associated protein 1 light chain 3; MTOR:
mechanistic target of rapamycin kinase; STUBL: SUMO targeted ubiquitin ligase; SUMO: small ubiquitin-
like modifier; TEX264: testis expressed gene 264; TOP1cc: topoisomerase 1-cleavage complex; UBZ:
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Introduction

Protein homeostasis is essential for cellular viability. The two
major branches of protein homeostasis are autophagy and
ubiquitin-dependent proteasomal degradation, which share
notable similarities. Both processes enable cells to dispose of
excess, aggregated, and damaged organelles or proteins.
Dedicated receptor proteins target specific cargo/substrates
to facilitate their trafficking into autophagosomes or their
presentation to proteasome, and often recognize ubiquitin
chains on cargo/substrates [1]. Moreover, certain chaperones,
such as the VCP/Cdc48/p97 ATPase, have critical roles in
both degradative processes [2].

The autophagic degradation of portions of the ER, known
as reticulophagy, has recently been recognized as an impor-
tant response to nutrient deprivation and the accumulation of
misfolded ER lumenal proteins [3]. Reticulophagy is mediated
by receptor proteins that are tethered to the ER membrane
and bind LC3/GABARAP proteins on phagophore mem-
branes. The Gyrase inhibitory (GyrI)-like domain-containing
protein TEX264 was recently shown to be a major reticulo-
phagy receptor, which is sequestered by phagophores via its
interaction with LC3-family members and mediates the
autophagic degradation of many ER membrane and lumenal
proteins upon starvation [4,5]. More recently, we identified an

important role for TEX264 as a cofactor of the VCP ATPase
at the inner nuclear membrane, where it helps to preserve
genome stability [6]. As a cofactor of VCP, TEX264 promotes
the degradation of DNA lesions known as TOP1 cleavage
complexes (TOPlccs), which are composed of TOP1 cova-
lently bound to a single-stranded DNA break, and its evolu-
tionarily conserved Gyrl-like domain is critical for this
function.

Opverall, three recent papers have reported distinct functions
of the TEX264 protein with a common theme, whereby TEX264
acts as a membrane-anchored receptor to promote the degrada-
tion of ER proteins during reticulophagy or of nuclear substrates
during DNA repair. This raises fascinating questions regarding
potential overlap between these roles. Here, we review the recent
reports on TEX264, discuss its potential role in bridging DNA
repair and autophagy, and provide a phylogenetic and structural
analysis of the GyrI superfamily of proteins.

TEX264 in reticulophagy

The first reports on TEX264 revealed its critical role as a receptor
for reticulophagy (also known as ER-phagy), a process by which
portions of the ER are sequestered into autophagosomes during
nutrient deprivation. Chino et al. identified TEX264 in a mass
spectrometry analysis of proteins that interact preferentially with
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wild-type LC3B versus an LC3-interacting region (LIR) binding-
defective variant [4]. An et al. meanwhile, identified TEX264 in
a global quantitative proteome analysis as a protein whose
abundance is decreased upon either MTOR inhibition or
amino acid deprivation in an ATG7- and RB1CC1 (RBI1 indu-
cible coiled-coil 1)-dependent manner [5]. TEX264 was shown
to undergo trafficking from the ER to lysosomes upon nutrient
deprivation, which was dependent both on canonical autophagy
pathway components and an LIR motif in TEX264’s C terminus.
The long, intrinsically disordered nature of TEX264’s
C terminus is also crucial for its reticulophagy function. Due to
their large size, ribosomes on the ER membrane may prevent the
direct association of the ER and phagophore membranes; how-
ever, TEX264’s long C terminus bridges this spatial gap by
extending into the cytosol and binding LC3 on phagophores [4].

Of the seven known mammalian reticulophagy receptors,
TEX264 appears to play a major role in regulating reticulo-
phagy flux [7-13]. By comparing the effects of individually
depleting TEX264 and other known reticulophagy receptors,
it was observed that TEX264 knockdown most dramatically
suppressed reticulophagy in HeLa cells [4]. Similarly, based on
global quantitative proteome mass spectrometry, it was esti-
mated that approximately 50% of all reticulophagy flux upon
starvation is driven by TEX264 in HEK293T cells [5]. A more
recent genome-wide CRISPR interference screen of reticulo-
phagy regulators found only a modest reduction in reticulo-
phagy activity upon TEX264 knockdown, which is consistent
with there being, at least partial, functional redundancy
between different reticulophagy receptors [14]. The extent of
reticulophagy flux and the impact of the different receptors
may vary between tissues and cell types and could be influ-
enced by the differential expression of reticulophagy recep-
tors, with TEX264 appearing to be the most broadly
expressed [4].

During nutrient deprivation, TEX264 loss stabilizes many
ER membrane and lumenal proteins but does not affect others
[5]. This raises important questions as to how TEX264 achieves
cargo specificity. One possibility is that the sub-regional differ-
ences in TEX264 expression or activation on the ER membrane
regulate the differential turnover of cargo. Another is that
specific interactions between TEX264 and proteins on the
lumenal side of the inner ER membrane enable selective pro-
tein degradation [15]. The UFLI (ubiquitin-fold modifier 1) E3
ligase was recently shown to be required for the autophagic
degradation of ER sheets [14]. UFL1 is recruited to the ER
membrane by DDRGK1 (DDRGK containing protein 1),
where it UFMylates the oligosaccharyltransferase (OST) com-
plex subunit, RPN1, and the ribosomal protein, RPL26.
Depletion of DDRGKI1 specifically impairs reticulophagy
mediated by receptors on ER sheets, such as TEX264, but not
by those on ER tubules. Thus, it will be very important to
understand how UFMylation on the ER surface is recognized
prior to reticulophagy and how this impacts TEX264’s
function.

TEX264 in DNA repair

We identified TEX264 in a mass spectrometry analysis of
proteins that interact with VCP inside the nucleus [6]. VCP
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is an ATPase, which mediates protein unfolding, typically to
present them to the proteasome for degradation [16]. An
intriguing aspect of TEX264 was that it possessed a putative
VCP interaction motif, known as a SHP box, in its loosely
structured C-terminus, which we found mediates its direct
interaction with VCP in vitro.

As discussed below, the Gyrl-like domain of TEX264 sug-
gested it may play a role in regulating topoisomerases, possi-
bly in collaboration with VCP. The yeast homolog of VCP,
Cdc48, was previously implicated in repairing a DNA lesion
composed of TOP1 (DNA topoisomerase 1) covalently bound
to the 3' end of a single-stranded DNA break, known as
a TOPlcc [17]. TOPlccs impede DNA replication and tran-
scription, and defects in their repair contribute to various
neurological disorders [18-21]. Abrogating VCP activity in
human cells significantly impaired TOPlcc repair [6]. As
VCP/Cdc48 requires cofactors to be recruited to its substrates,
we speculated that TEX264 might fulfill the role of targeting
VCP to TOPlccs. Accordingly, we found that TEX264 is
needed to bridge VCP and TOP1 both in vitro and in vivo
(Figure 1) [6].

TEX264-deficient cells accumulate endogenous TOPlccs,
exhibit basal replication stress and DNA damage, and are
sensitive to low doses of TOP1cc-stabilizing drugs. TEX264’s
ability to promote TOPlcc repair relies on motifs in/neigh-
boring its Gyrl-like domain as well as a SUMO-interacting
motif contained within this domain [6]. As recombinant
TEX264 and unmodified TOP1 directly interact in vitro, it
seems most plausible that SUMO represents an additional
signal to enable TEX264 to distinguish transient TOPlccs
from trapped TOPlccs, which are extensively modified with
SUMO [22]. Indeed, in yeast, Cdc48 promotes the repair of
SUMOylated TOP1ccs via its SUMO-binding cofactors, Ufd1l
and the metalloprotease Wssl [17,23,24]. In addition, TOP1cc
SUMOylation may enhance the binding affinity between
TEX264 and TOPI1.

In metazoans, the metalloprotease, and VCP cofactor,
SPRTN/DVCI1 also proteolytically digests TOPlccs, as well
as other DNA-protein crosslinks (DPCs) [25-27]. TEX264 is
necessary to bridge the interaction between TOP1 and SPRTN
but is dispensable for general DPC repair [6]. Overall, we
propose that VCP unfolds TOP1 such that it can be proteo-
Iytically digested by SPRTN. The resulting DNA-bound pep-

tide remnant can only then be excised by the
phosphodiesterase TDPI1, thus completing TOPlcc repair
(20,28].

SPRTN bares motifs which enable it to interact with the
DNA replication clamp loader, PCNA, via a proliferating cell
nuclear antigen (PCNA)-interacting peptide (PIP) box and
ubiquitinated proteins, via its ubiquitin-binding Zn finger
(UBZ) domain, and its role in DPC repair is coupled to
DNA replication [26,29-32]. This begs the question of why
an additional cofactor is needed for its recruitment to sub-
strates. There is some evidence that SPRTN’s PIP box and
UBZ domain are not required for its recruitment to chroma-
tin upon DPC formation and its role in DPC repair [25,33].
This indicates that there must be other modes of recruiting
SPRTN to specific DPC substrates. Indeed, the requirement
for an additional recruitment factor, such as TEX264, is
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particularly important in the case of TOPlccs, which are
linked to the 3’ end of single-stranded DNA breaks, and
therefore would not be directly encountered by the elongating
DNA polymerase. Moreover, owing to SPRTN’s small active
site, which can only be accessed by flexible peptide substrates,
there must be additional factors, such as VCP, that enable the
processing/unfolding of bulky DPCs [34]. The involvement of
additional substrate-recognition factors for specific DPCs
could also be a mechanism of restraining SPRTN’s potentially
deleterious protein sequence-unspecific cleavage activity by
uncoupling DPC recognition from DPC proteolysis.

TEX264 is localized predominantly at the ER and the
nuclear periphery, where it is tethered by its N-terminal
transmembrane leucine-rich repeat (LRR) [5]. A variant of
TEX264 that lacks this LRR redistributes into the cytosol as
well as the inner nuclear space [6]. This is consistent with
a sub-population of TEX264 being localized to the inner
nuclear membrane, facing inwards, as well as the ER mem-
brane, facing the cytosol. Interestingly, we detected TEX264 at
DNA replication forks by isolation of proteins on nascent
DNA (iPOND) and by immunofluorescent co-localization
with nascent DNA [6]. As there is no experimental evidence
of alternatively spliced TEX264 isoforms that lack the LRR
nor for a cleavage-mediated mechanism for releasing TEX264
from the inner nuclear membrane, TEX264 is likely to be
acting at DNA replication forks in the vicinity of the nuclear
envelope. This is interesting in the context of recent work,
which demonstrated that TOP1 acts on R-loops at nuclear
lamina-associated heterochromatic regions [35]. Indeed, these
chromatin regions are highly prone to topological stress and
could suggest that TOP1ccs frequently arise in the vicinity of
the inner nuclear membrane. Further supporting this possibi-
lity, it was found that, upon TOPlcc-induced DNA
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Figure 1. A model for TEX264 function in the ER and nucleus. TEX264 is anchored at both the ER and inner nuclear membrane via its N-terminal single-pass
transmembrane domain. TEX264 promotes degradation of portions of the ER during starvation by binding LC3-coated phagophores via its C-terminal LIR. At the
inner nuclear membrane, TEX264 associates with VCP-SPRTN subcomplexes via its C-terminal SHP box and promotes TOP1cc repair.

replication fork stalling, the SLEN11 (schlafen family member
11) protein is recruited by RPA1 to DNA replication sites at
the nuclear periphery where SLFN11’s ATPase activity blocks
DNA replication by changing chromatin structure across
replication sites [36].

The SUMO modification machinery is also active at the
inner nuclear membrane. For example, modification of
LMNA (lamin A/C) by SUMOLI in response to DNA damage
is proposed to stimulate its interaction with LC3B and pro-
mote its clearance by nucleophagy [37]. A role in relocalizing
SUMOylated proteins at DNA lesions to the nuclear periphery
has been widely described in yeast. For example, in the S/G,
phases of the cell cycle, mono-SUMOylation of unidentified
factors triggers the relocalization of a persistent DNA double-
strand break (DSB) to the inner nuclear membrane [38].
Moreover, mono-SUMOylation of various repair proteins
promotes the recruitment of collapsed DNA replication
forks to the nuclear pore complex [39]. Similarly, in
Drosophila, DSBs in heterochromatic DNA regions move to
the inner nuclear membrane in a SUMO-dependent manner
[40]. Whether DNA lesions are relocalized to the nuclear
periphery in human cells is less well explored, although the
association between the nuclear lamina and various human
DNA repair and replication factors is important for maintain-
ing genome stability [41,42].

Because a SUMO-targeted ubiquitin ligase (STUbL) is
required for these relocalized lesions to be repaired, it has
been speculated that SUMOylated proteins at collapsed repli-
cation forks or resected DSBs need to be degraded by the
proteasome to ensure appropriate repair [43]. Some of the
targets of this STUDL activity are likely to also be Cdc48
substrates, given the cooperative activity of Cdc48 and
STUbL in maintaining genome stability, including in the



repair of TOPlccs [17]. Whether TEX264 also acts with VCP
to present TOPlccs to the proteasome is unknown; however,
proteasomal proteolysis is thought to largely occur at the
nuclear envelope (and rough ER), where VCP/Cdc48 also
has diverse roles [44,45]. This possibility is further supported
by the findings that the human STUbL RNF4 (ring finger
protein 4) is required for proteasomal TOPlcc degradation,
and is known to mark DNA repair factors for extraction by
VCP and SPRTN [46,47].

Intersection of DNA repair and autophagy?

As a transmembrane protein, TEX264 acts as a receptor,
either at the ER membrane facing the cytosol (for reticulo-
phagy) or the inner nuclear membrane facing the nucleus (for
DNA repair). Whether there is any further overlap between its
distinct reported roles remains unknown (Figure 1).

Numerous lines of evidence indicate that autophagy con-
tributes to the maintenance of genome stability through the
degradation of nuclear proteins, micronuclei, and cytosolic
chromatin fragments. In yeast, the DNA repair protein
Uba2-Sae2 (UBA2-RBBP8/CtIP in humans) is degraded by
autophagy when histone deacetylases are inhibited, result-
ing in impaired DNA end resection and increased cellular
sensitivity to DNA damaging agents [48]. In human cells,
the levels of the autophagy cargo receptor SQSTM1/p62
(sequestosome 1) influence DNA repair. For example,
nuclear SQSTM1 interacts with and inhibits the DNA
repair E3 ligase RNF168 (ring finger protein 168), resulting
in defective homology-dependent DNA repair [49]. Nuclear
SQSTM1 also promotes the degradation of the DNA repair
protein, RAD51, by the proteasome [50]. Thus, the autop-
hagic degradation of nuclear SQSTM1 facilitates homolo-
gous recombination repair.

Besides these direct roles in DNA repair, autophagy also
mediates the degradation of nuclear components in mam-
malian cells during DNA damage- or oncogene-induced
senescence [51,52]. Nuclear autophagy (i.e., nucleophagy)
was first described in yeast, where Atg39 mediates the
autophagic degradation of the nuclear envelope and inner
nuclear membrane proteins in response to starvation [53].
While no human homolog of Atg39 has been identified,
recent work has shown that numerous autophagy proteins
are present in the nuclei of mammalian cells, including
LC3, ATG5 and ATG7 [52,54]. Indeed, nuclear proteins,
such as LMNBI (lamin B1) and SIRT1 (sirtuin 1), undergo
stress-induced degradation in a manner that requires their
direct interaction with nuclear LC3B and is mediated by the
canonical  cytosolic  autophagy  machinery [51,52].
Importantly, mammalian nucleophagy appears to be dis-
tinct from yeast nucleophagy in that it is not induced by
conventional stresses, such as starvation or MTOR inhibi-
tion [52]. Rather, mammalian nucleophagy is triggered dur-
ing DNA damage- and oncogene-induced replicative
senescence and cells that fail to induce nucleophagy escape
senescence [52]. A detailed understanding of how nuclear
proteins are targeted for autophagic degradation is lacking
and, to date, no mammalian counterpart of Atg39 has been
identified. It is plausible that such a receptor protein(s)
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exists to facilitate the shuttling of nuclear components to
cytosolic autophagosomes by directly interacting with either
nuclear LC3B or the substrates themselves. Some of the
known reticulophagy receptors could possibly also regulate
nucleophagy, given that the ER and inner nuclear mem-
branes are contiguous. TEX264 potentially fulfills the cri-
teria of a nucleophagy receptor since it localizes to the
perinuclear ER membrane and nuclear envelope and inter-
acts with LC3 family members [5,6]. Accordingly, it will be
interesting to determine if TEX264 and LC3 interact inside
the nucleus. Additionally, the reticulophagy receptors,
CCPGI1 (cell cycle progression 1), which localizes to the
perinuclear ER, and CDK5RAP3/C53/LZAP (CDKS5 regula-
tory subunit associated protein 3), which is also present
within the nucleus, may be candidate nucleophagy recep-
tors [9,55].

Recent work has shown that cytosolic DNA triggers
autophagy, which, in turn, drives the clearance of DNA
from the cytosol. After replicative stress, damaged chroma-
tin fragments bud from the nucleus into the cytosol and are
targeted to the lysosome by SQSTM1 [56]. Similarly, micro-
nuclei harboring damaged chromatin are coated with
SQSTM1 and subjected to autophagic degradation [57].
Cytosolic DNA species generated by telomeric DNA
damage activates autophagy via the CGAS-STING1 (stimu-
lator of interferon response cGAMP interactor 1) pathway,
triggering autophagic cell death, presumably through the
degradation of vital cellular components [58]. Intriguingly,
TOPlces on cytosolic chromatin fragments were recently
proposed to be crucial for CGAS activation during senes-
cence because they can be directly bound by CGAS, enhan-
cing its binding to DNA [59].

Autophagy has previously been implicated in the
SUMO- and Cdc48-dependent repair of TOPlccs. In
yeast, the DPC protease Wssl forms a complex with
Cdc48 and Doal, another Cdc48 cofactor implicated in
selective autophagy [24]. In response to replication stress,
Wssl relocalizes to vacuoles, suggesting a link between
DPC repair and autophagy. It is unclear if DPCs could
be degraded by autophagy. Given the high endogenous
cellular concentrations of formaldehyde and its propensity
to induce protein-protein as well as DNA-protein cross-
links, it is possible that autophagy helps to evict aggre-
gated protein-protein and DNA-protein crosslinks from
the nucleus. This could possibly involve the recycling of
the liberated protein fragments generated by SPRTN- or
Wssl-mediated DPC proteolysis. Interestingly, tandem-
affinity mass spectrometry data revealed that the interac-
tion between TEX264 and TOP1 is significantly increased
during starvation, however the functional relevance of this
is unclear [5].

Proximity biotinylation mass spectrometry analysis of
TEX264 detected many VCP-derived peptides, the number
of which was not altered during starvation or by mutating
TEX264’s LIR, indicating that the association between
TEX264 and VCP is unaffected by TEX264’s ability to
traffic into autophagosomes [5]. VCP/Cdc48 is required
for autophagic degradation, including ribophagy and
mitophagy, because it promotes autophagosome-lysosome
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fusion, yet the precise mechanisms underlying its role are
unclear [2,60]. In cooperation with TEX264, VCP might
be required to enable engulfment of the ER membrane by
phagophores. Another possibility is that direct VCP-
dependent extraction of modified ribosomes from the ER
membrane is necessary to enable its engulfment. Arguing
against this is the observation that VCP depletion by
CRISPR interference enhances reticulophagy [14]. This
could result from diminished VCP-dependent ER-
associated degradation (ERAD), leading to an increased
reliance on reticulophagy to clear misfolded proteins
from the ER, which could mask any negative impact
VCP depletion has on reticulophagy. Nevertheless, VCP
could facilitate reticulophagy by, for example, removing
ER membrane proteins to expose other substrates for
ubiquitination or UFMylation, via a mechanism that
would be analogous to its proposed role in mitophagy
and the Endo-Lysosomal Damage Response [61-63].

Evolutionary and structural analysis of Gyrl proteins

A particularly noteworthy feature of TEX264 is its GyrI-like
domain, which makes it a member of an evolutionarily
ancient superfamily of proteins with diverse functions that
include inhibitors of the type II topoisomerase gyrase and
transcriptional regulators [64-68]. TEX264’s Gyrl-like
domain is required for TEX264 to bind TOPI, but its rele-
vance, if any, for reticulophagy is unknown.

Most Gyrl proteins have acquired domains that confer
a diverse array of additional functions, some of which are
illustrated in Figure 2A. For example, the GyrI domain of the
transcription factors, Rob and BmrR, is fused to an
N-terminal helix-turn-helix (HTH) motif that binds DNA.
The prototypical member of the Gyrl superfamily is
Escherichia coli SbmC (renamed Gyrl), which was shown to
protect cells from microcin bl7, a peptide that traps covalent
DNA-gyrase intermediates [69]. Interestingly, the expression
of SbmC/GyrI is induced in response to both DNA damage
and nutrient starvation, potentially providing a distant
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| MerR [ Gyrl | HTH merR-type domain-containing proteins
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Figure 2. Diversity, topology, and structural models of Gyrl proteins. (A) Representative schematics of a subset of Gyrl superfamily members, from a total of 73
distinct domain organizations. (B) Topology and structural models of human TEX264 protein motifs and domains. All models were created using the SWISS-MODEL
workspace and/or Phyre2 server. Gyrl domain was modeled with high to very high confidence based on three templates: SbmC, E. coli Rob transcription factor 2
(1D5Y), and an uncharacterized protein from Chlorobium tepidum (2KCU). The N-terminus of TEX264 bears a leucine-rich repeat (LRR) structural motif that forms an a/
B horseshoe fold. The LRR motif was modeled with good to high confidence based on the photosystem Il reaction center protein J (6J3Y). The C-terminal part
containing the LC3-interacting region (LIR) and VCP-interacting motif (SHP) were modeled with lower confidence based on a Thermotoga maritima mannanase
(Man5) carbohydrate-binding module (CBM) (10F3) and show at least 2 beta-sheets with good model confidence.



evolutionary basis for the roles of human TEX264 in autopha-
gy and DNA repair. Subsequent work found that Gyrl co-
purified with gyrase and suppressed its supercoiling activity,
most likely by either sequestering gyrase or inhibiting its
binding to DNA [65,67,70]. GyrI also counteract the cytotoxic
effects of quinolones, a non-proteinaceous class of antibiotics
that stabilize DNA-gyrase complexes, and other DNA-
damaging agents, such as mitomycin C [71]. It will be inter-
esting to know if TEX264 adopts a similar mechanism of
action to Gyrl to suppress TOPlccs, specifically, by addres-
sing whether the direct binding of TEX264 to topoisomerases
inhibits their decatenation activity on DNA templates in vitro.
They appear to be distinct mechanisms as TEX264 recruits
TOPIcc repair factors, requires VCP activity, and is epistatic
with TDP1 in the repair of endogenous TOPlccs. Moreover,
a Gyrl-derived 8-amino-acid-long peptide that inhibits gyrase
does not inhibit TOP1 activity [67]. Interestingly, a subgroup
of prokaryotic Gyrl-like proteins (but not Gyrl itself) was
recently shown to possess hydrolase activity [72]. This activity
catalyzes the hydrolysis of DNA-alkylating agents and thereby
confers cellular resistance to cytotoxic xenobiotics. The cata-
lytic activity of these proteins depends on pairs of aromatic
and acidic residues, however, TEX264 does not contain cor-
responding residues required for catalysis.

Intrigued by the fact that homologs of TEX264 are present
in vertebrates but absent in established model organisms such
as yeast (Saccharomyces cerevisiae and Schizosaccharomyces
pombe), we decided to investigate the evolutionary history of
Gyrl domain-containing proteins. Blastp searches using bac-
terial and human Gyrl domain sequences through bacteria,
yeast, plants, fungi, invertebrate and chordate species was
followed by multiple sequence alignment using the MAFFT
algorithm (Multiple Alignments using Fast Fourier
Transform), while alignment quality was assessed using
Guidance software (Figure 3) [73,74]. Phylogenetic trees
were constructed with maximum likelihood analysis in
PhyML (Figure 4) [75,76]. Ftsa (cell division ATPase) proteins
were used as an outgroup (Fig. S1) because they are function-
ally different from Gyrl domain-containing proteins, yet they
contain an SHS2 module like GyrI proteins, making it possi-
ble to reach sufficiently good multiple protein alignment for
subsequent tree building. The Gyrl domain of SbmC/Gyrl
contains two tandem SHS modules, the second of which
encompasses its interaction site with Gyrase, suggesting this
domain mediates protein-protein interactions [77]. The SHS2
module of TEX264 is highly conserved across TEX264 ortho-
logs, as well as in E. coli SbmC/Gyrl, indicating its functional
and/or structural importance prior to the evolution of auto-
phagy (Fig. S1).

We have found conserved TEX264 orthologs in inverte-
brate and chordate species (Figure 4 and S1), while they were
absent in fungi and plants. Despite being present in bacteria
and metazoans, Gyrl domain-containing proteins are notably
absent in yeast, similar to PARPs (poly(ADP-ribose) poly-
merases) [78]. Since yeast diverged prior to the evolution of
metazoans, this indicates that they either independently lost
Gyrl domain-containing proteins or that these domains were
regained via convergent evolution in the first common ances-
tor of all metazoans.
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Phylogenetic analysis of full-length proteins (Figure 4 and
S1) and of the Gyrl domain (amino acids 41-185 of human
TEX264) showed similar clustering (Fig. S2). Bacterial Gyrl-
domain containing proteins expectedly cluster closer to the
TEX264 group than to the Ftsa outgroup but are quite distant
to the TEX264 group and bare substantial differences in
protein sequence outside of the Gyrl domain. On the other
hand, the Gyrl domain of bacterial proteins is similar to
TEX264 orthologs with several conserved regions (Figure 3),
and most importantly, structural models of human TEX264
Gyrl domain can be constructed with high model confidence
(Figures 2B and 3). Given the phylogenetic proximity and
similarity in 3D structures of the Gyrl domain, bacterial
Gyrl domain-containing proteins might be regarded as distant
ancestors of the Gyrl domain in TEX264 orthologs.

Unlike its GyrI-like domain, the C terminus of TEX264 -
corresponding to amino acids 186-313 of the full-length pro-
tein sequence — substantially diverges in invertebrates and is
absent in bacterial Gyrl domain-containing proteins (Fig. S3).
In vertebrates, TEX264’s C terminus is conserved, including
both the LIR and SHP motifs (Fig. S3). However, the
C-terminal part diverges considerably in the invertebrate line-
age (Fig. S3). Specifically, the LIR motif is only partly con-
served in tunicates, mollusks, and crustaceans, while it is
absent in nematodes, sponges, and a chordate lancelet
(Branchiostoma floridae; Fig. S3). The SHP motif is conserved
in higher vertebrate species, from reptiles to mammals, but is
divergent in lower vertebrates (fish and amphibians), and
completely absent in invertebrate TEX264 orthologs (Fig.
S3). Bacterial Gyrl domain-containing proteins are shorter
than TEX264 orthologs and lack a C terminus that would
resemble that of TEX264. Likewise, bacterial Gyrl domain-
containing proteins lack the N-terminal LRR domain, which
is otherwise highly conserved throughout TEX264 orthologs
within the animal kingdom (Fig. S4).

The model of TEX264’s GyrI-like domain shows two anti-
parallel sheets and two alpha-helices following the
Bl-al-B2-B3-B4-a2-p5-p6 linear arrangement (Figures 2B
and 4). Similar to bacterial Gyrl proteins, E. coli SbmC and
Rob2, two similar halves of Gyrl domain show pseudo-two-
fold symmetry (Figure 2B). The N-terminus of TEX264 bears
a leucine-rich repeat (LRR) structural motif that forms an a/f
horseshoe fold. The LRR motif was modeled with good-to-
high confidence based on the photosystem II reaction center
protein J (6]J3Y; Figure 2B). The C-terminal part containing
the LC3-interacting region (LIR) and VCP/Cdc48 interacting
motif (SHP) were modeled with lower confidence based on
a Thermotoga maritima mannanase (Man5) carbohydrate-
binding module (CBM) (10F3) and show at least two beta-
sheets with good model confidence (Figure 2B).

Future perspectives

Three recent studies have reported distinct roles for the TEX264
protein as a membrane-anchored receptor either for reticulo-
phagy or for nuclear substrates during DNA repair. TEX264
evolved from an ancient superfamily of proteins, orthologs of
which are present in bacteria and metazoans. Gyrl domain-
containing proteins have acquired additional and diverse
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Figure 3. Gyrl domain sequence alignments of TEX264 orthologs. The Gyrl-like domain of human TEX264 corresponds to amino acids 41-185 of the full-length
protein. Shown above the alignment (gray line), the SHS2 fold in human TEX264 corresponds to amino acids 21-127. The structure of human TEX264 according to 3D
modeling is labeled for the corresponding protein sequence, where a-helices are shown in green and beta-sheets in blue, as in the structural model of human
TEX264 in Figure 2B. Red lines designate conserved motifs and domains. TEX264 orthologs are shown in orange (dark: vertebrates; bright: invertebrates), while
bacterial Gyrl-domain containing proteins are shown in blue. Protein sequences were aligned using the MAFFT alignment algorithm. Alignment quality score was
assessed using the Guidance2 server and was 0.752, where 1 is maximum, indicating high alignment quality.

domains and functions throughout evolution, including tran-
scription regulation, chromatin-remodeling, and protein home-
ostasis. The fact that GyrI proteins and TEX264 orthologs pre-
date the evolution of autophagy hints at a distinct primordial
function of these proteins, as illustrated by the role of the
TEX264 relative, SbmC, in regulating bacterial gyrase. It will
be interesting to understand whether the GyrI-like domain of

TEX264 and its interaction with VCP is also important for
reticulophagy. It will also be fascinating to explore the contribu-
tion of TEX264 to processes such as nuclear degradation in cell
types that undergo extensive organelle loss during differentia-
tion, such as erythroblasts and epidermal keratinocytes [79].
Future studies should also aim to address whether TEX264’s
role in the nucleus extends beyond TOP1cc repair and whether
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Figure 4. Phylogenetic analysis of TEX264 proteins. TEX264 orthologs in vertebrates are highlighted in orange (invertebrates are colorless) and bacterial Gyrl-domain
containing proteins are highlighted in blue. Ftsa proteins were used as an outgroup (Fig. $2). Full-length protein sequences were aligned with the MAFFT alignment
algorithm. The phylogenetic tree was constructed using the maximum likelihood method. The expanded phylogenetic tree with detailed methodology is shown in

Fig. S2.

these roles rely on its ability to promote autophagy and associate

with the inner nuclear membrane. [
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