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The endoplasmic reticulum (ER) is site of synthesis and maturation of membrane and secretory proteins in
eukaryotic cells. The ER contains more than 20 members of the Protein Disulfide Isomerase (PDI) family. These
enzymes regulate formation, isomerization and disassembly of covalent bonds between cysteine residues. As
such, PDIs ensure protein folding, which is required to attain functional and transport-competent structure, and
protein unfolding, which facilitates dislocation of defective gene products across the ER membrane for ER-
associated degradation (ERAD). The PDI family includes over a dozen of soluble members and few membrane-
bound ones. Among these latter, there are five PDIs grouped in the thioredoxin-related transmembrane (TMX)

protein family.

endoplasmic reticulum protein folding ERAD PDI TMXs

| 1. Introduction

About one third of the proteome in eukaryotic cells is made of membrane and secretory proteins . Their
production and maturation occurs within the ER with help and under surveillance of resident chaperones and
folding enzymes, such as the members of the PDI family 2. PDIs assist protein folding by catalyzing the formation
of the native set of intra- and inter-molecular disulfide bonds (oxidation); they can also correct structural errors by
disassembling non-native disulfides to promote their conversion into the native set (isomerization) B4 they can
facilitate the translocation across the ER membrane of terminally misfolded polypeptides by dissolving intra- and
inter-molecular disulfide bonds (reduction), in a step that precedes their degradation by cytosolic 26S-proteasomes
(B8l |n addition to these activities, PDIs can also act as regulators of the luminal calcium homeostasis [J and

participate to multimeric structures such as the prolyl 4-hydroxylase & or the oligosaccharyltransferase complexes
@

More than 20 PDI family members have been identified, so far 29, The reasons for such a high number is not fully
understood. However, their tissue distribution, membrane topology, and organization of the active site hint at client-
specificity and high functional versatility 13, Most PDI family members are soluble in the ER lumen, with few
membrane-anchored exceptions . The TMX protein family comprises five membrane-tethered PDIs (TMX1,
TMX2, TMX3, TMX4 and TMX5) [12[13]114115]116] (Figure 1 and Table 1). These proteins are all characterized by an

N-terminal signal sequence for ER targeting and one catalytically active thioredoxin (TRX)-like domain (known as

type-a TRX-like domain), containing the active site. TMX1, the best characterized member of the TMX family,
preferentially interacts with membrane-bound folding-competent and folding-defective clients 2118l |n contrast, the

other members of the family have been poorly studied, if at all.
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Figure 1. Schematic representation of the TMX protein family members. The figure shows the topology and the

main structural and functional features of the five members of the TMX family L2I[13]14][15][16]

Table 1. List of the TMX family members. The table displays the main features of the five TMXs including their
active site sequences and biological functions. a, active type-a TRX-like domain; b, inactive type-b TRX-like

domain; R, reductase activity; O, oxidase activity.

Protein TRX-like domains Active site Activities Biological functions

Protein folding and ERAD

TMX1 a CPAC R
Ca?* flux regulation
Nuclear protein import
TMX2 a SNDC ?
Ca?* flux regulation
TMX3 abb' CGHC O ?
TMX4 a CPSC R Protein folding
TMX5 a CRFS ? ?
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Matsu&grﬁ&o%agycszm_e)arﬂ_%%% %%[gs up-regulated by TGF-B 22, TMX1 is a single-pass type | protein of

280 residues with a large luminal N-terminal region harboring a TRX-like domain and a short cytosolic tail [2€

@idtasui, PmdegsyRbolRdRyidind Mgt that<aRians it PSSR RERiI h Badilieatiiky pipgkwell the
cyt&ddhc BANGNERIRLIZisd- VontRNBERN ramfisRaGIez L pProtsinialding divesdispifide 1). These
mo&f@%ma% 1Bk 1624iB86n of TMX1 and may determine the spectrum of clients 21, TMX1 is
ubigpiinusit SEPTRRRGEJBIOUMAN Bdiem WikLIaigbrRkIRs A dritieay dyassaRbIs TR AGNiRSIT T Unlike
othefisTIRBRSFDRE st R JAMANDYIHL HeRpRBigPRIRRGIOER1SIRSe7esRYtsive element (ERSE) within its

promoter region 24 and indeed it is not up-regulated upon ER stress [23], Deletlon of the TMX1 gene is innocuous
at the ce’l’u%rqe’vg/ll Olllﬂ%nétﬂ\éggslysetﬁ?euggg\?a %rgWI hc;[)rr]r?pl)[aﬁsna (\%? 7 aﬁlgmps‘s%ogb?ttuerng geglrad {aorg other
me%rbaefrﬁscgfo%g IJ’BI ?amlly moay play a role 28, At the organism level, however, the absence of TMX1 has
GnSequiicds; BSchimitk dskd . sSRewpklitersitydndaRAJR-imediatebiadeotia wdtrdipapsicaatioarifemithérom
a femdopsvit refticielunTMXdodrpiey s azzte-@iviniCi eDiPAZD 26t\896itd 39t554pe-a TRX-like domain 18
R A e B N B AR Rty BeR et et dot
staNBJI favo Si 5%%9'5 -th oétréa%gcﬁgfm Iof hﬁleﬁtelvse ib 08, 19%%S|%§|%tly5 4ng1 is predominantly reduced in vivo

and |n V|tro it reduces insulin dlsulfldes . Of additional support to the putative function of TMX1 as an ER
r%d%Yélé/é‘!afJHasJ pespIveAbvsrasvlasasTiba kaxrrpags b iellrgenHaies BRI oMal o Bial ri2P0shd

abr@@tv@@ty%@-z ribosome-inactivating proteins requiring a step of reduction in the ER before the dislocation of the

@@mﬁﬁéﬂp@itsdﬂrﬁ%‘?ecyﬁ?%li[gz;_]%sé{&@ﬁ]amat?%ﬁl’ér%'% BHIG P LSRG R o tEMisig HERAYY L g ductase
(VKRB 2RI S Y5 sPEPAGH &I &GRS s TaBiGRIncARIREARRI /AR 8 LRy BFE BERE B BB ol &gy ke
protgiysy Whkshsasve g5 redox partners 29,

From the functional point of view, TMX1 represents the first example of topology-specific redox catalyst involved in

0P T Go Mg S FRPERRD Harh AP s eI S AR AGHRD S R QIR AR G RO RIB G ients
thrdB5R'Y BAE PRSI HRREELIN RIRERSERS R AR IRQKNIRRIBHY G RHY T S R Bitk MEGuctase
act'f%%}é' rgaui?’e]UAfB?’l?r%' clearance of membrane-tethered faulty gene products from the ER 18,

1. adglitistety it Rigdsder0lAN sSapitearsretasgriftithe fyjdine proteasraralitio eaturars 4L rrBBQ/ated
TMEOOgcalizas 5p FER-pPRghondria contact sites, aka MAM (mitochondria-associated membranes), to regulate

az+ flux between ER and mitochondria 31
. Oguro, A.; Imaoka, S. Thioredoxin-related transmembrane protein 2 (TMX2) regulates the Ran

roteln adlent and importin-beta-dependent nuclear cargo transport. Sci. Rep. 2019, 9, 15296.

2 and its Ce/tosollc Active Site

Haugstetter J.; Blicher, T.; Ellgaard, L. Identification and characterization of a novel thioredoxin-

Ammi@tﬂdxr@aﬁmﬁmb@a@ PROEI (b e RNASRIASRND telin Ul B uBted P s Geembst AR te?BUs 88i6lanon-
eg&f&Q{ed protein of 296 amino acids, which has been identified in 2003 upon cloning from a fetal cDNA library
32l The topology of TMX2 has been only recently characterized. Initially, it has been described as a type |

membrane protein 2. A recent study clarified its topology showing that TMX2 is a multi-spanning protein
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1dis Bagigraoti ;tAeaki, dod e resrBind atgions withikl oise kiytdsolagiata LK . (Nowed thioke doxi-tiedapeduliar
SNDansmeb e PIOIXD i$ Michiedsowddstase gotiotyld, BiobnEhsmitRQRAE 0B85, nidiBberdletahe TMX
. - _ . . . . . . _ [2] .
BTRORE DVBSRILS BT RAS! B2 GRS AR USRS () tamfy i
TMé?oﬁ‘afﬁ%‘?"EE%@ 9'@6%_%,%?9§§wa§8§]§”'[5 such as in the nuclear outer membrane , or at the MAM

(221 TMX2 expression is ubiquitous with the highest levels in brain, heart, liver, kidney and pancreas 32. Moreover,
IEvNBIS U ¥ fHBAmBn ki AKaEHER, Bt Xod@od - hRAR, Meatdreka-dardehess, [WRRIIGRIONIG Re
lack'8¥ ghBIREEARUI-TRIRIE AsIAD B MBLRIELRI ORI 2Ty Bi0ld St i Atk B nd98R 1dMBnplying a

157UBRSRIP € 18IS RIGLRIG Ak SR SIESIRRRl IRV EIRRSRRIET WSB fesidhi Bl A MGG BRIB G HiscRaxeiglogic
funqtigrk 9f grdrés d haleyLa oI Er EHSTREAIRGA @ P SePHUE LRI OBIBYEdlt 91 BRI BatR3agpPlex

that controls nuclear targeting of select cargo proteins 1234l The localization of TMX2 in the outer nuclear

18RS iR 18 TG BIRAB & R FL R QLT Y rol B MRS PN bR B RUCSo IR 2R

the eI L RLL 1Y R CHINGE 00 D S AR RS ORISR GRS ISRV BRYRERUAESRQRGN: site only
parE;allﬁ))P Wﬁ’aﬁﬁ%mc@m%& geg)nla ’sg %%’aﬁz?’eSz;tgtﬁéQ’ 'MAM [221 where it forms a functional complex with CNX and
19e AdayamaN\SEREEUL, ModdteHheNwitayviluk 23 ka-Kbindidn Batdeintifie thivanef resetiesiof TMX1 58
andrtanatforidihg greugh fatitshber@aiispursioe Genzisidnylyatithviirusighediatsdige medtrip tssuse mimgense
mutdising edif BIoVXZD00\20, BREBN3A%IEN associated with brain developmental abnormalities B3] and
microlissenceph?\lP{ [36] 3 rare congenijtal brain_disorder B4, This phenotype could result from a loss of the
20. Matsuo, Y.; Nishinaka, Y.; Suzuki, 56 Kona, M.; Kizaka-Kondoh; S.; Kondo, N.; Son, A.;
protective role of TMX2 from_ER stresses 38 which represents an important concurrent cause of neuronal death
@Sakakura-lehlyama, J.; Yamaguchi, Y.; Masutani, H.; et al.’ A human transmembrane
oxidoreductase of the thioredoxin family: The possible role in disulfide-linked protein folding in the

endoplasmic reticulum. Arch. Biochem. Biophys. 2004, 423, 81-87.
2|14. TMX3, a Classic PDI

. Roth, D.; Lynés, E.; Riemer, J.; Hansen, H.G.; Althaus, N.; Simmen, T.; Ellgaard, L. A di-arginine
TMRPHE Sonbibiies 19jbe drRJpcaliralion she el ipsmemirmaeaRudsdradiiesebbbmong
the BiRNGaeli 2808 ofdts E8Rm#MRy the consensus sequence for a TRX-like domain 3. This PDI family

DPEIARE SR NOWHAMT XA 1%, SiSPERR IGHIM D' U8R AR HRIN S reging 24N 9V BRIfiRhwées Eigure 1)
anasiiRReF I8 AN e AT PMR AN R rROHYP trRR A IS T iRMGHaPa MEs BIaEHYR PrihRokarfdd P)

dor@{'ﬂgéﬁ%_%ﬁi?pglﬂ, A8 f-terginal region contains a classical KKKD retention sequence (131 (Figure 1). TMX3
transcripts have been found in a great variety of tissues with the highest levels in heart and skeletal muscle 13,
280 ISE M Aatfs oRIBOPA% Binfy Whnber 2R Bed HOPRnkan MOERZE Mokt MRl s My GIRRkR S
ER A3 B SRS P AR R IO Y AR R 2 QBN D NG WY LS S E RO s 4R33P g ure 1
2andGaligal, WhichPeterseandd R heatalytianeorsteda oiStMide! igom@rasie gens fuitilse iMuvitrodbéham.its
b @gn@nasa@ossibly involved in substrate recruitment 49 The precise role of TMX3 in cells has not been

established, )<(et. Preliminary studies show g protective function of TMX3 against neuronal atrophy in mice models
25. Matsuo, Y.; Masutanl,u ., Son, A.; Kizaka-Kondoh, S.; Yodoi, J. Physical and functional interaction
for Huntington's disease 24l ‘a progressive brain disorder caus?_ld by ‘an inherited CAG trinucleotide repeat
of tranSmembrane thioredoxin-re gged protein with major |s_tocompat|blllftry complex class | heavy
expansion in the huntingtin (HTT) gene =2l The molecular basis of this protective effect is unclear, also because
chain: Redox-based protein quality control and its potential relevance to immune responses. Mol.
HTT is a cytosolic Sroteln and a direct interaction with the functional portion of TMX3 can be ruled out. Since it has
Biol. Cell 2009, 20, 4552-4562. . o
been shown that the expression of mutated HTT triggers ER stress, an hypothesis is that TMX3 protects cells

28y d\haetsiearonalldgophy iiRaaNg khe Qdsgadiaatidn Beakawif@idionSea, MisdeapemRanans, i vx3igsne
H.; Oka, S.; Okawa, K.; et al. The protective role of the transmembrane thioredoxin-related protein
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havEMbXein linfadnmatorynkve mingorydidediesi d4RacdbxBiopaih 2013 428,41 AB8ade? ARsociated with retarded

[46]
9?° Y—Vlta]tg te]te Ey;eRuddock, L.W. Modulating proteostasis: Peptidomimetic inhibitors and activators of
protein folding. Curr. Pharm. Des. 2009, 15, 2488-2507.

JB%OOS Igl)ga?cr hPern(I):> g re ol%hleeKoErosens% Wahni, K.; Vandenbussche, G.; Wyns, L.;

MK 51 nMRSTERS PxlBe f07SerringiE tite PERIRPOEE BEGE N1eReMAHE WSS Hat has
bee%@rﬁ’é%ﬁ’é‘d"fﬁ%i‘b”ﬁtﬁ%hé%%%ﬁ?e ‘lseMgh %Pl"l'aggﬁ(e?’@&n%goc?&&&ining proteins 14, Phylogenetic
aaisethoc BarAN4 Fepeartinghe, moral euiroC 42k with séiem, icshaesdrshimiRritRwtiietve N-
terrpieR AMIBINBTEERNS AeTHiERei RERIANEENES Broteipludesyisien e 15y frarmashensiripiaine diefosgipntion
moﬂémi[@'@r mgt@itermirquﬂtomﬁ@rﬁﬁzgggt pReirRdpnag 80 phosphorylation sites within the cytosolic domain

éFlﬁure ure 1), Whlch could modulate sub ER localization upon recruitment of select binding partners 21 TMmX4

Iman, S.: Wan ; ort A. Vitamin K epoxide reductase prefers E
expressyon % ubiquitous %\ntﬁ the hlghes Is in heart tlssuen[ﬁ onS|steneiy V\(/:lth thepllack of an ERSE motif

membrane-anchored thioredoxin- Ilker dox partners. Proc. Acad. Sci. USA 20
W|th|n |ts$)romoter regl%n T}\/IX4(|='S not up-regulated cﬁmng PEF? stresseé\'[é‘—zﬁI l\%X4 has one um%na:} type a TRX like

don:tlaslgzwhlch contains a non-canonical CPSC active site 24 (Figure 1 and Table 1). The proline in position 2 hints
34t. a) ends SRR Tep Bty B, £5d, KnodedMINER-Afittehigndddces ntadtrsitiss!fidlasaw viagtdtoxdoftoatilaalso
TVl eiarksflas oo setide piayed, &eh Bidlis20tbtaibd, r86iits3vaker compared to the one established by
\éK??A?e k: nd)z' Méflw[tﬁ]g FéomCtH% r‘;“':j“'%? 80|§t o&wewynoYler\]/ideRce){tas Qeei\nl op%teéjl gﬂlﬁubgtr%te preference
o SRS 1551 KM A SR L S DRSS P BRI oo s
srm&aélrt]lg%. \%(%y\/lﬁ, 3503:%/6n|nt at a role of TMX4 as ER reductase possibly acting in both protein folding and
degradation pathways.Finally, a recent study showed that TMX4 also distributes at the inner membrane of the
SRikandanise Ny witPle R-ieMiiaRGSS1i6n rRRhdNE IRsteialBifee Mahy pRoteiokbibxddEttent
at tie; NROfKkiaingheR iNtoRbr ¥ A&IA pIBY % e I S licdal el alRiied & rlblR): RaS@ 3kl MK of
the RSEHEHRE GAYRESASYRER Brain Developmental Abnormalities. Am. J. Hum. Genet. 2019, 105,
1126-1147.
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Family

35. Raturi, tierrez, T.: Ortiz-Sandoval, C.; Ru n ttsakul errera-Cruz
TMX5 TXNDC15 Is another poory characte?ize mem e e TMXAfamF‘y It |rs a predlctedq';sm % spa¥| type I

P : Qur dD P.H.; Lucchinetti, e(al 1 determines cancer ceIPmet bo
proteln o 360 amlno acl Flgure 1). "1t has been |dent| led In a large scale Broteln screening in
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its ﬁ de atgndeetf"beﬁlw 186‘5169@"’“2&66 trapping mutant protein 49, Indeed, the N-terminal cystelne of the TMX5

active site can nucleophilically attack free thiol group in protein substrates, but the interaction can be resolved only
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