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Abstract 22 

TEX264 (testes expressed gene 264) is a single-pass transmembrane protein, consisting of an 23 

N-terminal hydrophobic region, a gyrase inhibitory (GyrI)-like domain, and a loosely 24 

structured C terminus. TEX264 was first identified as an endoplasmic reticulum (ER)-resident 25 

Atg8-family binding protein that mediates the degradation of portions of the ER during 26 

starvation (reticulophagy). More recently, TEX264 was identified as a cofactor of VCP/p97 27 

ATPase (Cdc48 in yeast) that promotes the repair of covalently trapped TOP1 (DNA 28 

topoisomerase 1)-DNA crosslinks. This review summarizes our current knowledge of TEX264 29 

and provides an evolutionary and structural analysis of GyrI proteins. Based on our 30 

phylogenetic analysis, we provide evidence that TEX264 is a member of a large superfamily 31 

of GyrI-like proteins that evolved in bacteria and are present in metazoans, including 32 

invertebrates and chordates. This review summarizes our current knowledge of TEX264 as a 33 

genuine factor that directly bridges DNA repair and autophagy, and provides an evolutionary 34 

and structural analysis of GyrI proteins. 35 

 36 

Introduction 37 

Protein homeostasis is essential for cellular viability. The two major branches of protein 38 

homeostasis are autophagy and ubiquitin-dependent proteasomal degradation, which share 39 

notable similarities. Both processes enable cells to dispose of excess, aggregated, and damaged 40 

organelles or proteins. Dedicated receptor proteins target specific cargo/substrates to facilitate 41 

their trafficking into autophagosomes or their presentation to proteasome, and often recognise 42 

ubiquitin chains on cargo/substrates [1]. Moreover, certain chaperones, such as the VCP/p97 43 

ATPase, have critical roles in both degradative processes [2].  44 



3 

 

The autophagic degradation of portions of the ER has recently been recognised as an important 45 

response to nutrient deprivation and the accumulation of misfolded ER lumenal proteins [3]. 46 

Reticulophagy is mediated by receptor proteins that are tethered to the ER membrane and bind 47 

LC3/GABARAP proteins on phagophore membranes. The Gyrase inhibitory (GyrI)-like 48 

domain-containing protein TEX264 was recently shown to be a major ER-phagy receptor 49 

which is sequestered by phagophores via its interaction with LC3-family members and 50 

mediates the autophagic degradation of many ER membrane and lumenal proteins upon 51 

starvation [4,5]. More recently, we identified an important role of TEX264 as a substrate 52 

adaptor at the inner nuclear membrane (INM), where it helps to preserve genome stability [6]. 53 

As a cofactor of the VCP/p97 ATPase, TEX264 promotes the degradation of DNA lesions 54 

known as TOP1 (DNA topoisomerase 1) cleavage complexes (TOP1cc), which are composed 55 

of TOP1 covalently bound to a single-stranded DNA break, and its evolutionarily conserved 56 

GyrI-like domain is critical for this function.  57 

Overall, three recent papers have reported distinct functions of the TEX264 protein with 58 

a common theme, whereby TEX264 acts as a membrane-anchored receptor to promote the 59 

degradation of ER proteins during ER-phagy or of nuclear substrates during DNA repair. This 60 

raises fascinating questions regarding potential overlap between these roles. Here, we review 61 

the recent reports on TEX264, discuss its potential role in bridging DNA repair and autophagy, 62 

and provide a phylogenetic and structural analysis of the GyrI superfamily of proteins.  63 

TEX264 in ER-phagy 64 

The first reports on TEX264 revealed its critical role as a receptor for ER-phagy, a process by 65 

which portions of the ER are sequestered into autophagosomes during nutrient deprivation. 66 

Chino et al. identified TEX264 in a mass spectrometry analysis of proteins that interact 67 

preferentially with wild-type LC3B versus a LC3-interacting region (LIR) binding-defective 68 
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variant [4]. An et al. meanwhile, identified TEX264 in a global quantitative proteome analysis 69 

of proteins whose abundance is decreased upon either MTOR inhibition or amino acid 70 

deprivation in an ATG7- and RB1CC1-dependent manner [5]. TEX264 was shown to undergo 71 

trafficking from the ER to lysosomes upon nutrient deprivation which was dependent both on 72 

canonical autophagy pathway components and a LIR motif in TEX264’s C terminus. The long, 73 

intrinsically disordered nature of TEX264’s C terminus is also crucial for its ER-phagy 74 

function. Due to their large size, ribosomes on the ER membrane may prevent the direct 75 

association of the ER and phagophore membranes; however, TEX264’s long C terminus 76 

bridges this spatial gap by extending into the cytosol and binding LC3 on phagophores [4]. 77 

Of the seven known mammalian ER-phagy receptors, TEX264 appears to play a major 78 

role in regulating ER-phagy flux [7–13]. By comparing the effects of individually depleting 79 

TEX264 and other known ER-phagy receptors, it was observed that TEX264 knockdown most 80 

dramatically suppressed ER-phagy in HeLa cells [4]. Similarly, based on global quantitative 81 

proteome mass spectrometry, it was estimated that approximately 50% of all ER-phagy flux 82 

upon starvation is driven by TEX264 in HEK293T cells [5]. A more recent genome-wide 83 

CRISPR interference screen of ER-phagy regulators found only a modest reduction in ER-84 

phagy activity upon TEX264 knockdown, which is consistent with there being, at least partial, 85 

functional redundancy between different ER-phagy receptors [14]. The extent of ER-phagy 86 

flux and the impact of the different receptors may vary between tissues and cell types and could 87 

be influenced by the differential expression of ER-phagy receptors, with TEX264 appearing to 88 

be the most broadly expressed [4].   89 

During nutrient deprivation, TEX264 loss stabilizes many ER membrane and luminal proteins 90 

but does not affect others [5]. This raises important questions as to how TEX264 achieves cargo 91 

specificity. One possibility is that the sub-regional differences in TEX264 expression or 92 

activation on the ER membrane regulates the differential turnover of cargo. Another is that 93 
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specific interactions between TEX264 and proteins on the luminal side of the inner ER 94 

membrane enables selective protein degradation [15]. The UFL1 ligase was recently shown to 95 

be required for the autophagic degradation of ER sheets [14]. UFL1 is recruited to the ER 96 

membrane by DDRGK1, where it UFMylates the oligosaccharyltransferase (OST) complex 97 

subunit, RPN1, and the ribosomal protein, RPL26. Depletion of DDRGK1 specifically impairs 98 

ER-phagy mediated by receptors on ER sheets, such as TEX264, but not by those on ER 99 

tubules. Thus, it will be very important to understand how UFMylation on the ER surface is 100 

recognised prior to ER-phagy and how this impacts TEX264’s function. 101 

TEX264 in DNA repair 102 

We identified TEX264 in a mass spectrometry analysis of proteins that interact with p97 inside 103 

the nucleus [6]. p97 is an ATPase which mediates protein unfolding, typically to present them 104 

to the proteasome for degradation [16]. An intriguing aspect of TEX264 was that it possessed 105 

a putative p97 interaction motif, known as a SHP box, in its loosely structured C-terminus, 106 

which we found mediates its direct interaction with p97 in vitro. 107 

As discussed below, the GyrI-like domain of TEX264 suggested it may play a role in regulating 108 

topoisomerases, possibly in collaboration with p97. The yeast homolog of p97, Cdc48, was 109 

previously implicated in repairing a DNA lesion composed of topoisomerase 1 covalently 110 

bound to the 3’ end of a single-stranded DNA break, known as a TOP1cc [17]. TOP1ccs impede 111 

DNA replication and transcription and defects in their repair contribute to various neurological 112 

disorders [18–21]. Abrogating p97 activity in human cells significantly impaired TOP1cc 113 

repair [6]. As p97 requires cofactors to be recruited to its substrates, we speculated that TEX264 114 

might fulfil the role of targeting p97 to TOP1ccs. Accordingly, we found that TEX264 is 115 

needed to bridge p97 and TOP1 both in vitro and in vivo (Figure 1) [6]. 116 
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TEX264 deficient cells accumulate endogenous TOP1ccs, exhibit basal replication stress and 117 

DNA damage, and are sensitive to low doses of TOP1cc-stabilising drugs. TEX264’s ability to 118 

promote TOP1cc repair relies on motifs in/neighbouring its GyrI-like domain as well as a 119 

SUMO-interacting motif contained within this domain [6]. As recombinant TEX264 and 120 

unmodified TOP1 directly interact in vitro, it seems most plausible that SUMO represents an 121 

additional signal to enable TEX264 to distinguish transient TOP1ccs from trapped TOP1ccs, 122 

which are extensively modified with SUMO [22]. Indeed, in yeast, Cdc48 promotes the repair 123 

of SUMOylated TOP1ccs via its SUMO-binding cofactors, Ufd1 and the metalloprotease Wss1 124 

[17,23,24]. In addition, TOP1cc SUMOylation may enhance the binding affinity between 125 

TEX264 and TOP1.  126 

In metazoans, the metalloprotease, and p97 cofactor, SPRTN also proteolytically digests 127 

TOP1ccs, as well as other DNA-protein crosslinks (DPCs) [25–27]. TEX264 is necessary to 128 

bridge the interaction between TOP1 and SPRTN but is dispensable for general DPC repair 129 

[6]. Overall, we propose that p97 unfolds the TOP1 protein such that it can be proteolytically 130 

digested by SPRTN. The resulting DNA-bound peptide remnant can only then be excised by 131 

the phosphodiesterase TDP1, thus completing TOP1cc repair [20,28]. 132 

SPRTN bares motifs which enable it to interact with the DNA replication clamp loader, PCNA, 133 

via a PIP box and ubiquitinated proteins, via its UBZ, and its role in DPC repair is coupled to 134 

DNA replication [26,29–32]. This begs the question of why an additional cofactor is needed 135 

for its recruitment to substrates. There is some evidence that SPRTN’s PIP box and UBZ are 136 

not required for its recruitment to chromatin upon DPC formation and its role in DPC repair 137 

[25,33]. This indicates that there must be other modes of recruiting SPRTN to specific DPC 138 

substrates. Indeed, the requirement for an additional recruitment factor, such as TEX264, is 139 

particularly important in the case of TOP1ccs, which are linked to the 3’ end of single-stranded 140 

DNA breaks, and therefore would not be directly encountered by the elongating polymerase. 141 
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Moreover, owing to SPRTN’s small active site, which can only be accessed by flexible peptide 142 

substrates, there must be additional factors, such as p97, that enable the processing of bulky 143 

DPCs [34]. The involvement of additional substrate-recognition factors for specific DPCs 144 

could also be a mechanism of restraining SPRTN’s potentially deleterious protein sequence-145 

unspecific cleavage activity by uncoupling DPC recognition from DPC proteolysis. 146 

TEX264 is localised predominantly at the ER and the nuclear periphery, where it is tethered by 147 

its N-terminal transmembrane leucine-rich repeat (LRR) [5]. A variant of TEX264 that lacks 148 

this LRR redistributes into the cytosol as well as the inner nuclear space [6]. This is consistent 149 

with a sub-population of TEX264 being localised to the INM, facing inwards, as well as the 150 

ER membrane, facing the cytosol. Interestingly, we detected TEX264 at replication forks by 151 

isolation of proteins on nascent DNA (iPOND) and by immunofluorescent co-localisation with 152 

nascent DNA [6]. As there is no experimental evidence of alternatively spliced TEX264 153 

isoforms that lack the LRR nor for a cleavage-mediated mechanism for releasing TEX264 from 154 

the INM, TEX264 is likely to be acting at replication forks in the vicinity of the nuclear 155 

envelope. This is interesting in the context of recent work which demonstrated that TOP1 acts 156 

on R-loops at nuclear lamina-associated heterochromatic regions [35]. Indeed, these chromatin 157 

regions are highly prone to topological stress and could suggest that TOP1ccs frequently arise 158 

in the vicinity of the INM. Further supporting this possibility, it was found that, upon TOP1cc-159 

induced fork stalling, the SLFN11 protein is recruited by RPA1 to DNA replication sites at the 160 

nuclear periphery [36]. 161 

The SUMO modification machinery is also active at the INM. For example, modification of 162 

lamin A/C by SUMO1 in response to DNA damage is proposed to stimulate its interaction with 163 

LC3B and promote its clearance by nucleophagy [37]. A role in relocalizing SUMOylated 164 

proteins at DNA lesions to the nuclear periphery has been widely described in yeast. For 165 

example, in the S/G2 phases of the cell cycle, mono-SUMOylation of unidentified factors 166 



8 

 

triggers the relocalization of a persistent DNA double-strand break (DSB) to the INM [38]. 167 

Moreover, mono-SUMOylation of various repair proteins promotes the recruitment of 168 

collapsed DNA replication forks to the nuclear pore complex [39]. Similarly, in Drosophila, 169 

DSBs in heterochromatic DNA regions move to the INM in a SUMO-dependent manner [40]. 170 

Whether DNA lesions are relocalized to the nuclear periphery in human cells is less well 171 

explored, although the association between the nuclear lamina and various human DNA repair 172 

and replication factors is important for maintaining genome stability [41,42].  173 

Because a SUMO-targeted ubiquitin ligase (STUbL) is required for these relocalized lesions 174 

to be repaired, it has been speculated that SUMOylated proteins at collapsed replication forks 175 

or resected DSBs need to be degraded by the proteasome to ensure appropriate repair [43]. 176 

Some of the targets of this STUbL activity are likely to also be Cdc48/p97 substrates, given 177 

the cooperative activity of Cdc48 and STUbL in maintaining genome stability, including in the 178 

repair of TOP1ccs [17]. Whether TEX264 also acts with p97 to present TOP1ccs to the 179 

proteasome is unknown, however, proteasomal proteolysis is thought to largely occur at the 180 

nuclear envelope (and rough ER), where p97 also has diverse roles [44,45]. This possibility is 181 

further supported by the findings that the human STUbL, RNF4, is required for proteasomal 182 

TOP1cc degradation, and is known to mark DNA repair factors for extraction by p97 and 183 

SPRTN [46,47].  184 

Intersection of DNA repair and autophagy? 185 

As a transmembrane protein, TEX264 acts as a receptor, either at the ER membrane facing the 186 

cytosol (for ER-phagy), or the INM facing the nucleus (for DNA repair). Whether there is any 187 

further overlap between its distinct reported roles remains unknown (Figure 1). 188 

Numerous lines of evidence indicate that autophagy contributes to the maintenance of genome 189 

stability through the degradation of nuclear proteins, micronuclei, and cytosolic chromatin 190 
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fragments. In yeast, the DNA repair protein Sae2 (RBBP8/CtIP in humans) is degraded by 191 

autophagy when histone deacetylases are inhibited, resulting in impaired DNA end resection 192 

and increased cellular sensitivity to DNA damaging agents [48]. In human cells, the levels of 193 

the autophagy cargo receptor SQSTM1/p62 influence DNA repair. For example, nuclear 194 

SQSTM1 interacts with, and inhibits, the DNA repair E3 ligase RNF168, resulting in defective 195 

homology-dependent DNA repair [49]. Nuclear p62 also promotes the degradation of the DNA 196 

repair protein, RAD51, by the proteasome [50]. Thus, the autophagic degradation of nuclear 197 

p62 facilitates homologous recombination repair.  198 

Besides these direct roles in DNA repair, autophagy also mediates the degradation of nuclear 199 

components in mammalian cells during DNA damage- or oncogene-induced senescence 200 

[51,52]. Nuclear autophagy (i.e., nucleophagy) was first described in yeast, where Atg39 201 

mediates the autophagic degradation of the nuclear envelope and inner nuclear membrane 202 

proteins in response to starvation [53]. While no human homologue of Atg39 has been 203 

identified, recent work has shown that numerous autophagy proteins are present in the nuclei 204 

of mammalian cells, including LC3, ATG5, and ATG7 [52,54]. Indeed, nuclear proteins, such 205 

as LMNB1 (lamin B1) and SIRT1, undergo stress-induced degradation in a manner that 206 

requires their direct interaction with nuclear LC3B and is mediated by the canonical cytosolic 207 

autophagy machinery [51,52]. Importantly, mammalian nucleophagy appears to be distinct 208 

from yeast nucleophagy in that it is not induced by conventional stresses, such as starvation or 209 

MTOR inhibition [52]. Rather, mammalian nucleophagy is triggered during DNA damage- and 210 

oncogene-induced replicative senescence and cells that fail to induce nucleophagy escape 211 

senescence [52]. A detailed understanding of how nuclear proteins are targeted for autophagic 212 

degradation is lacking and, to date, no mammalian counterpart of Atg39 has been identified. It 213 

is plausible that such a receptor protein(s) exists to facilitate the shuttling of nuclear 214 

components to cytosolic autophagosomes by directly interacting with either nuclear LC3B or 215 
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the substrates themselves. Some of the known ER-phagy receptors could possibly also regulate 216 

nucleophagy given that the ER and inner nuclear membranes are contiguous. TEX264 217 

potentially fulfils the criteria of a nucleophagy receptor since it localises to the perinuclear ER 218 

membrane and nuclear envelope and interacts with LC3 family members [5,6]. Accordingly, it 219 

will be interesting to determine if TEX264 and LC3 interact inside the nucleus. Additionally, 220 

the ER-phagy receptors, CCPG1, which localises to the perinuclear ER, and C53, which is also 221 

present within the nucleus, may be candidate nucleophagy receptors [9,55].  222 

Recent work has shown that cytosolic DNA triggers autophagy which, in turn, drives the 223 

clearance of DNA from the cytosol. After replicative stress, damaged chromatin fragments bud 224 

from the nucleus into the cytosol and are targeted to the lysosome by p62 [56]. Similarly, 225 

micronuclei harbouring damaged chromatin are coated with p62 and subjected to autophagic 226 

degradation [57]. Cytosolic DNA species generated by telomeric DNA damage activate 227 

autophagy via the CGAS-STING1 pathway, triggering autophagic cell death, presumably 228 

through the degradation of vital cellular components [58]. Intriguingly, TOP1ccs on cytosolic 229 

chromatin fragments were recently proposed to be crucial for cGAS activation during 230 

senescence because they can be directly bound by cGAS, enhancing its binding to DNA [59].  231 

Autophagy has previously been implicated in the SUMO- and Cdc48-dependent repair of 232 

TOP1ccs. In yeast, the DPC protease Wss1 forms a complex with Cdc48 and Doa1, another 233 

Cdc48 cofactor implicated in selective autophagy [24]. In response to replication stress, Wss1 234 

relocalises to vacuoles, suggesting a link between DPC repair and autophagy. It is unclear if 235 

DPCs could be degraded by autophagy. Given the high endogenous cellular concentrations of 236 

formaldehyde and its propensity to induce protein-protein as well as DNA-protein crosslinks, 237 

it is possible that autophagy helps to evict aggregated protein-protein and DNA-protein 238 

crosslinks from the nucleus. This could possibly involve the recycling of the liberated protein 239 

fragments generated by SPRTN- or Wss1-mediated DPC proteolysis. Interestingly, tandem-240 
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affinity mass spectrometry data revealed that the interaction between TEX264 and TOP1 is 241 

significantly increased during starvation, however the functional relevance of this is unclear 242 

[5].  243 

Proximity biotinylation mass spectrometry analysis of TEX264 detected many p97-derived 244 

peptides, the number of which was not altered during starvation or by mutating TEX264’s LIR, 245 

indicating that the association between TEX264 and p97 is unaffected by TEX264’s ability to 246 

traffic into autophagosomes [5]. p97 is required for autophagic degradation, including 247 

ribophagy and mitophagy, because it promotes autophagosome–lysosome fusion, yet the 248 

precise mechanisms underlying its role are unclear [2,60]. In cooperation with TEX264, p97 249 

might be required to enable engulfment of the ER membrane by phagophores. Another 250 

possibility is that direct p97-dependent extraction of modified ribosomes from the ER 251 

membrane is necessary to enable its engulfment. Arguing against this is the observation that 252 

VCP/p97 depletion by CRISPR interference enhances ER-phagy [14]. This could result from 253 

diminished p97-dependent ER-associated degradation (ERAD), leading to an increased 254 

reliance on ER-phagy to clear misfolded proteins from the ER, which could mask any negative 255 

impact p97 depletion has on ER-phagy. Nevertheless, p97 could facilitate ER-phagy by, for 256 

example, removing ER membrane proteins to expose other substrates for ubiquitination or 257 

UFMylation, via a mechanism that would be analogous to its proposed role in mitophagy and 258 

the Endo‐Lysosomal Damage Response [61–63].  259 

Evolutionary and structural analysis of GyrI proteins  260 

A particularly noteworthy feature of TEX264 is its GyrI-like domain which makes it a member 261 

of an evolutionarily ancient superfamily of proteins with diverse functions that include 262 

inhibitors of the type II topoisomerase gyrase and transcriptional regulators [64–68]. TEX264’s 263 
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GyrI-like domain is required for TEX264 to bind TOP1, but its relevance, if any, for ER-phagy 264 

is unknown. 265 

Most GyrI proteins have acquired domains that confer a diverse array of additional functions, 266 

some of which are illustrated in Figure 2A. For example, the GyrI domain of the transcription 267 

factors, Rob and BmrR, is fused to an N-terminal helix-turn-helix (HTH) motif that binds DNA. 268 

The prototypical member of the GyrI superfamily is Escherichia coli SbmC (renamed GyrI), 269 

which was shown to protect cells from microcin b17, a peptide which traps covalent DNA-270 

gyrase intermediates [69]. Interestingly, the expression of SbmC/GyrI is induced in response 271 

to both DNA damage and nutrient starvation, potentially providing a distant evolutionary basis 272 

for the roles of human TEX264 in autophagy and DNA repair. Subsequent work found that 273 

GyrI co-purified with gyrase and suppressed its supercoiling activity, most likely by either 274 

sequestering gyrase or inhibiting its binding to DNA [65,67,70]. GyrI also counteracts the 275 

cytotoxic effects of quinolones, a non-proteinaceous class of antibiotics that stabilise DNA-276 

gyrase complexes, and other DNA-damaging agents, such as mitomycin C [71]. It will be 277 

interesting to know if TEX264 adopts a similar mechanism of action to GyrI to suppress 278 

TOP1ccs, specifically, by addressing whether the direct binding of TEX264 to topoisomerases 279 

inhibits their decatenation activity on DNA templates in vitro. They appear to be distinct 280 

mechanisms as TEX264 recruits TOP1cc repair factors, requires p97 activity, and is epistatic 281 

with TDP1 in the repair of endogenous TOP1ccs. Moreover, a GyrI-derived 8 amino acid-long 282 

peptide that inhibits gyrase does not inhibit TOP1 activity [67]. Interestingly, a subgroup of 283 

prokaryotic GyrI-like proteins (but not GyrI itself) was recently shown to possess hydrolase 284 

activity [72]. This activity catalyses the hydrolysis of DNA-alkylating agents and thereby 285 

confers cellular resistance to cytotoxic xenobiotics. The catalytic activity of these proteins 286 

depends on pairs of aromatic and acidic residues, however, TEX264 does not contain 287 

corresponding residues required for catalysis.  288 
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Intrigued by the fact that homologs of TEX264 are present in vertebrates but absent in 289 

established model organisms such as yeast (Saccharomyces cerevisiae and 290 

Schizosaccharomyces pombe), we decided to investigate the evolutionary history of GyrI 291 

domain-containing proteins. Blastp searches using bacterial and human GyrI domain sequences 292 

through bacteria, yeast, plants, fungi, invertebrate and chordate species was followed by 293 

multiple sequence alignment using the MAFFT alignment algorithm, while alignment quality 294 

was assessed using Guidance software (Figure 3) [73,74]. Phylogenetic trees were constructed 295 

with maximum likelihood analysis in PhyML (Figure 4) [75,76]. Ftsa (cell division ATPase) 296 

proteins were used as an outgroup (Figure S1) because they are functionally different from 297 

GyrI domain-containing proteins, yet they contain an SHS2 module like GyrI proteins, making 298 

it possible to reach sufficiently good multiple protein alignment for subsequent tree building.  299 

The GyrI domain of SbmC/GyrI contains two tandem SHS modules, the second of which 300 

encompasses its interaction site with Gyrase, suggesting this domain mediates protein-protein 301 

interactions [77]. The SHS2 module of TEX264 is highly conserved across TEX264 orthologs, 302 

as well as in E. coli SbmC/GyrI, indicating its functional and/or structural importance prior to 303 

the evolution of autophagy (Figure S1). 304 

We have found conserved TEX264 orthologs in invertebrate and chordate species (Figure 4 & 305 

S1), while they were absent in fungi and plants. Despite being present in bacteria and 306 

metazoans, GyrI domain-containing proteins are notably absent in yeast, similar to poly(ADP-307 

ribose) polymerases (PARPs) [78]. Since yeast diverged prior to the evolution of metazoans, 308 

this indicates that they either independently lost GyrI domain-containing proteins or that these 309 

domains were regained via convergent evolution in the first common ancestor of all metazoans. 310 

Phylogenetic analysis of full-length proteins (Figure 4 & S1) and of the GyrI domain (amino 311 

acids 41-185 of human TEX264) showed similar clustering (Figure S2). Bacterial GyrI-domain 312 

containing proteins expectedly cluster closer to the TEX264 group than to the Ftsa outgroup 313 
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but are quite distant to the TEX264 group and bare substantial differences in protein sequence 314 

outside of the GyrI domain. On the other hand, the GyrI domain of bacterial proteins is similar 315 

to TEX264 orthologs with several conserved regions (Figure 3), and most importantly 316 

structural models of human TEX264 GyrI domain can be constructed with high model 317 

confidence (Figure 2B & 3). Given the phylogenetic proximity and similarity in 3D structures 318 

of the GyrI domain, bacterial GyrI domain-containing proteins might be regarded as distant 319 

ancestors of the GyrI domain in TEX264 orthologs. 320 

Unlike its GyrI-like domain, the C terminus of TEX264 - corresponding to amino acids 321 

186-313 of the full-length protein sequence – substantially diverges in invertebrates and is 322 

absent in bacterial GyrI domain-containing proteins (Figure S3). In vertebrates, TEX264’s C 323 

terminus is conserved, including both the LIR and SHP motifs (Figure S3). However, the C-324 

terminal part diverges considerably in the invertebrate lineage (Figure S3). Specifically, the 325 

LIR motif is only partly conserved in tunicates, molluscs, and crustaceans, while it is absent in 326 

nematodes, sponges, and a chordate lancelet (Branchiostoma floridae; Figure S3). The SHP 327 

motif is conserved in higher vertebrate species, from reptiles to mammals, but is divergent in 328 

lower vertebrates (fish and amphibians), and completely absent in invertebrate TEX264 329 

orthologs (Figure S3). Bacterial GyrI domain-containing proteins are shorter than TEX264 330 

orthologs and lack a C terminus which would resemble that of TEX264. Likewise, bacterial 331 

GyrI domain-containing proteins lack the N-terminal LRR domain which is otherwise highly 332 

conserved throughout the animal kingdom (Figure S4). 333 

The model of TEX264’s GyrI-like domain shows two antiparallel sheets and two α-334 

helices following the β1-α1-β2-β3-β4-α2-β5-β6 linear arrangement (Figure 2B & 4). Similar 335 

to bacterial GyrI proteins, E. coli SbmC and Rob2, two similar halves of GyrI domain show 336 

pseudo two-fold symmetry (Figure 2B). The N-terminus of TEX264 bares a leucine-rich repeat 337 

(LRR) structural motif that forms an α/β horseshoe fold. The LRR motif was modelled with 338 
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good-to-high confidence based on the photosystem II reaction centre protein J (6J3Y; Figure 339 

2B). The C-terminal part containing the LC3-interacting region (LIR) and p97 interacting motif 340 

(SHP) were modelled with lower confidence based on a Thermotoga maritima mannanase 341 

(Man5) carbohydrate binding module (CBM) (1of3) and shows at least two β-sheets with good 342 

model confidence (Figure 2B). 343 

Future perspectives 344 

Three recent studies have reported distinct roles for the TEX264 protein as a membrane-345 

anchored receptor either for ER-phagy or for nuclear substrates during DNA repair. TEX264 346 

evolved from an ancient superfamily of proteins, orthologs of which are present in bacteria and 347 

metazoans. GyrI domain-containing proteins have acquired additional and diverse domains and 348 

functions throughout evolution, including transcription regulation, chromatin-remodelling, and 349 

protein homeostasis. The fact that GyrI proteins and TEX264 orthologs pre-date the evolution 350 

of autophagy hints at a distinct primordial function of these proteins, as illustrated by the role 351 

of the TEX264 relative, SbmC, in regulating bacterial gyrase. It will be interesting to 352 

understand whether the GyrI-like domain of TEX264 and its interaction with p97 are also 353 

important for ER-phagy. It will be also be fascinating to explore the contribution of TEX264 354 

to processes such as nuclear degradation in cell types that undergo extensive organelle loss 355 

during differentiation, such as erythroblasts and epidermal keratinocytes [79]. Future studies 356 

should also aim to address whether TEX264’s role in the nucleus extends beyond TOP1cc 357 

repair and whether these roles rely on its ability to promote autophagy and associate with the 358 

INM.   359 
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Figure Legends 

Figure 1. A model for TEX264 function in the ER and nucleus. TEX264 is anchored at both 

the ER and INM 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 INM, TEX264 associates with VCP/p97-SPRTN subcomplexes via its 

C-terminal SHP box and promotes TOP1cc repair.  

Figure 2. Diversity, topology, and structural models of GyrI proteins. (A) Representative 

schematics of a subset of GyrI superfamily members, from a total of 73 distinct domain 

organisations. (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. 

GyrI domain was modeled with high to very high confidence based on three templates: SbmC, 

E. coli Rob transcription factor2 (1d5y), and an uncharacterized protein from Chlorobium 

tepidum (2kcu). The N-terminus of TEX264 bares a leucine-rich repeat (LRR) structural motif 

that forms an α/β horseshoe fold. The LRR motif was modelled with good to high confidence 

based on the photosystem II reaction centre protein J (6J3Y). The C-terminal part containing 

the LC3-interacting region (LIR) and p97 interacting motif (SHP) were modelled with lower 

confidence based on a Thermotoga maritima mannanase (Man5) carbohydrate binding module 

(CBM) (1of3) and show at least 2 β-sheets with good model confidence. 

Figure 3. GyrI domain sequence alignments of TEX264 orthologs. The GyrI-like domain 

of human TEX264 corresponds to amino acids 41-185 of the full-length protein. Shown above 

the alignment (grey line), the SHS2 fold in human TEX264 corresponds to amino acids 21-

127. The structure of human TEX264 according to 3D modelling is labelled for the 

corresponding protein sequence, where α-helices are shown in green and β-sheets in blue, as in 

the structural model of human TEX264 in Figure 2B. Red lines designate conserved motifs and 
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domains. TEX264 orthologs are shown in orange (dark: vertebrates; bright: invertebrates), 

while bacterial GyrI-domain containing proteins are shown in blue. Protein sequences were 

aligned using the MAFFT (Multiple Alignment using Fast Fourier Transform) alignment 

algorithm. Alignment quality score was assessed using the Guidance2 server and was 0.752, 

where 1 is maximum, indicating high alignment quality.  

Figure 4. Phylogenetic analysis of TEX264 proteins. TEX264 orthologs in vertebrates  are 

highlighted (vertebrates in orange; invertebrates are colourless) and bacterial GyrI-domain 

containing proteins are highlighted blue. Ftsa proteins were used as an outgroup (Figure S2). 

Full length protein sequences were aligned with the MAFFT (Multiple Alignment using Fast 

Fourier Transform) alignment algorithm. The phylogentic tree was constructed using the 

maximum likelihood method. The expanded phylogenetic tree with detailed methodology is 

shown in Figure S2. 
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Supplementary Figure Legend 

Figure S1. Phylogenetic analysis of TEX264 proteins. TEX264 orthologs are shown in orange 

(dark: vertebrates; bright: invertebrates). Bacterial GyrI domain-containing proteins are shown 

in blue. Ftsa proteins are used as an outgroup (indicated in red) because they are functionally 

different from GyrI domain-containing proteins, yet they contain the SHS2 module like GyrI 

proteins, making it possible to reach sufficiently good multiple protein alignment for tree 

building. Full-length protein sequences were aligned using MAFFT (Multiple Alignment using 

Fast Fourier Transform) alignment algorithm. Alignment quality score was assessed using 

Guidance2 server and was 0.563, where 1 is maximum, indicating sufficiently high alignment 

quality for tree building. The phylogenetic tree was constructed using the maximum likelihood 

method (PhyML software with optimised tree topology, LG model, 8 rates of categories, tree 

searching operation best of Nearest Neighbor Interchange & Subtree Pruning and Regrafting 

(NNI&SPR)). Branch support Alrt values (Approximate likelihood-ratio test) are shown at tree 

nodes on a scale of 0-1, where 1 is maximum node confidence. 

Figure S2. Phylogenetic analysis of the GyrI domain in TEX264 orthologs. The GyrI 

domain of human TEX264 corresponds to amino acids 41-185. Vertebrate orthologs are shown 

in dark orange, invertebrate orthologs in bright orange, and bacterial GyrI domains are shown 

in blue. Ftsa proteins are used as an outgroup (indicated in red) because they are functionally 

different from GyrI domain-containing proteins, yet they contain the SHS2 module like GyrI 

proteins, making it possible to reach sufficiently good multiple protein alignment for 

subsequent tree building. GyrI domain protein sequences were aligned using MAFFT (Multiple 

Alignment using Fast Fourier Transform) alignment algorithm. Alignment quality score was 

assessed using Guidance2 server and was 0.619, where 1 is maximum, indicating sufficiently 

high alignment quality for tree building. The phylogenetic tree was constructed using the 

maximum likelihood method (PhyML software with optimised tree topology, LG model, 8 
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rates of categories, tree searching operation best of Nearest Neighbor Interchange & Subtree 

Pruning and Regrafting (NNI&SPR)). Branch support Alrt values (Approximate likelihood-

ratio test) are shown at tree nodes on a scale of 0-1, where 1 is maximum node confidence. 

Figure S3. Amino acid sequence alignment of the C-terminal part of TEX264 orthologs. 

The C-terminal part of human TEX264 corresponds to amino acids 186-313 in the sequence of 

the full-length protein. The LIR motif, consisting of amino acids FEEL in vertebrates (in 

orange), corresponds to amino acids 273-276 in human TEX264. The SHP motif consisting of 

amino acids GEGPLG in mammals (in black) corresponds to amino acids 280-285 in human 

TEX264. Protein sequences were aligned using the MAFFT (Multiple Alignment using Fast 

Fourier Transform) alignment algorithm. Alignment quality score was assessed using the 

Guidance2 server and was 0.752, where 1 is maximum, indicating high alignment quality.  

Figure S4.  LRR domain alignment in TEX264 orthologs. The LRR domain in human 

TEX264 corresponds to amino acids 5-33 of the full-length protein. Conserved residues are 

highlighted. Protein sequences were aligned using the MAFFT (Multiple Alignment using Fast 

Fourier Transform) alignment algorithm. Alignment quality score was assessed using the 

Guidance2 server and was 0.752, where 1 is maximum, indicating high alignment quality.  

 

 

 



Figure 1. A model for TEX264 function in the ER and nucleus. TEX264 is anchored at

both the ER and inner nuclear membranes 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 LC3-interacting region (LIR). At the INM,

TEX264 associates with p97-SPRTN subcomplexes via its C-terminal SHP box and

promotes TOP1cc repair.



Figure 2. Diversity, topology, and structural models of GyrI proteins.

(A) Representative schematics of a subset of GyrI superfamily members, from a total of 73

distinct domain organisations. (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. GyrI domain was modeled with high to very high confidence based

on three templates: SbmC, E. coli Rob transcription factor2 (1d5y) an uncharacterized

protein from Chlorobium tepidum (2kcu). The N-terminus of TEX264 bares a leucine-rich

repeat (LRR) structural motif that forms an α/β horseshoe fold. The LRR motif was

modeled with good to high confidence based on the photosystem II reaction center protein

J (6J3Y). The C-terminal part containing the LC3-interacting region (LIR) and p97

interacting motif (SHP) were modeled with lower confidence based on a Thermotoga

maritima mannanase (Man5) carbohydrate binding module (CBM) (1of3) and show at least

2 β-sheets with good model confidence.
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Figure 3. GyrI domain sequence alignments of TEX264 orthologs. The GyrI-like

domain of human TEX264 corresponds to amino acids 41-185 of the full-length protein.

Shown above the alignment (grey line), the SHS2 fold in human TEX264 corresponds to

amino acids 21-127. The structure of human TEX264 according to 3D modelling is labelled

for the corresponding protein sequence, where α-helices are shown in green and β-sheets

in blue, as in the structural model of human TEX264 in Figure 2B. Red line designates

conserved motifs and domains. TEX264 orthologs are shown in orange (dark: vertebrates;

bright: invertebrates), while bacterial GyrI-domain containing proteins are shown in blue.

Protein sequences were aligned using the MAFFT (Multiple Alignment using Fast Fourier

Transform) alignment algorithm. Alignment quality score was assessed using the

Guidance2 server and was 0.752, where 1 is maximum, indicating high alignment quality.
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Figure 4. Phylogenetic analysis of TEX264 proteins. TEX264 orthologs in vertebrates

are shown in orange, in invertebrates are shown colorless, while bacterial GyrI-domain

containing proteins are shown in blue. Ftsa proteins were used as an outgroup (Figure S2).

Full length protein sequences were aligned with the MAFFT (Multiple Alignment using Fast

Fourier Transform) alignment algorithm. The phylogentic tree was constructed using the

Maximum Likelihood method. Expanded phylogenetic tree with detailed methodology is

shown in Figure S2.
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Figure S1. Phylogenetic analysis of TEX264 proteins. TEX264 orthologs are shown in

orange (dark: vertebrates; bright: invertebrates). Bacterial GyrI domain-containing proteins

are shown in blue. Ftsa proteins are used as an outgroup (indicated in red) because they

are functionally different from GyrI domain-containing proteins, yet they contain the SHS2

module like GyrI proteins, making it possible to reach sufficiently good multiple protein

alignment for tree building. Full-length protein sequences were aligned using MAFFT

(Multiple Alignment using Fast Fourier Transform) alignment algorithm. Alignment quality

score was assessed using Guidance2 server and was 0.563, where 1 is maximum,

indicating sufficiently high alignment quality for tree building. The phylogenetic tree was

constructed using the Maximum Likelihood method (PhyML software with optimised tree

topology, LG model, 8 rates of categories, tree searching operation best of NNI&SPR

(Nearest Neighbor Interchange & Subtree Pruning and Regrafting). Branch support Alrt

values (Approximate likelihood-ratio test) are shown at tree nodes on a scale of 0-1, where

1 is maximum node confidence.



Figure S2. Phylogenetic analysis of GyrI domain in TEX264 orthologs. The GyrI domain

of human TEX264 corresponds to amino acids 41-185. Vertebrate orthologs are shown in

dark orange, invertebrate orthologs in bright orange, and bacterial GyrI domains are shown

in blue. Ftsa proteins are used as an outgroup (indicated in red) because they are

functionally different from GyrI domain-containing proteins, yet they contain the SHS2

module like GyrI proteins, making it possible to reach sufficiently good multiple protein

alignment for subsequent tree building. GyrI domain protein sequences were aligned using

MAFFT (Multiple Alignment using Fast Fourier Transform) alignment algorithm. Alignment

quality score was assessed using Guidance2 server and was 0.619, where 1 is maximum,

indicating sufficiently high alignment quality for tree building. The phylogenetic tree was

constructed using the Maximum Likelihood method (PhyML software with optimised tree

topology, LG model, 8 rates of categories, tree searching operation best of NNI&SPR

(Nearest Neighbor Interchange & Subtree Pruning and Regrafting). Branch support, Alrt

values (Approximate likelihood-ratio test) are shown at tree nodes on a scale of 0-1, where 1

is maximum node confidence.



Figure S3. Amino acid sequence alignment of the C-terminal part of TEX264

orthologs. The C-terminal part of human TEX264 corresponds to amino acids 186-313 in

the sequence of the full-length protein. The LIR motif, consisting of amino acids FEEL in

vertebrates (in orange), corresponds to amino acids 273-276 in human TEX264. The SHP

motif consisting of amino acids GEGPLG in mammals (in black) corresponds to amino

acids 280-285 in human TEX264. Protein sequences were aligned using the MAFFT

(Multiple Alignment using Fast Fourier Transform) alignment algorithm. Alignment quality

score was assessed using the Guidance2 server and was 0.752, where 1 is maximum,

indicating high alignment quality.
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Figure S4. LRR domain alignment in TEX264 orthologs. The LRR domain in

human TEX264 corresponds to amino acids 5-33 of the full-length protein.

Conserved residues are highlighted. Protein sequences were aligned using the

MAFFT (Multiple Alignment using Fast Fourier Transform) alignment algorithm.

Alignment quality score was assessed using the Guidance2 server and was

0.752, where 1 is maximum, indicating high alignment quality.
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