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E3 ligases are critical checkpoints for protein ubiquitination, a signal that often results in protein sorting

and degradation but has also been linked to regulation of transcription and DNA repair. In line with their
key role in cellular trafficking and cell-cycle control, malfunction of E3 ligases is often linked to human

Keywords: disease. Thus, they have emerged as prime drug targets. However, the molecular basis of action of
MARCH E3 ligase membrane-bound E3 ligases is still unknown. Here, we review the current knowledge on the membrane-
MA_RCH_-1 ) embedded MARCH E3 ligases (MARCH-1-6,7,8,11) with a focus on how the transmembrane regions can
Ubiquitination contribute via GxxxG-motifs to the selection and recognition of other membrane proteins as substrates
yﬂi’é] for ubiquitination. Further understanding of the molecular parameters that govern target protein
recognition of MARCH E3 ligases will contribute to development of strategies for therapeutic regulation

of MARCH-induced ubiquitination.
© 2016 Published by Elsevier B.V.
Memoir discovery of the ubiquitin-mediated protein degradation pathway,

Some of the earliest work on the function of the tRNA initiating
protein translation, the N-Formyl-Methionyl-tRNA, was described
by Brian FC Clark [1-5], and a follow up study led to the crystal
structure of yeast phenylalanine tRNA in the laboratory headed by
Aaron Klug [6]. Brian Clark was initially head-hunted to join him at
Aarhus University and lead the Department for Biostructural
Chemistry, which was the perfect setting for him to continue his
vision towards understanding the fundamentals of the genetic
code. As a university teacher, Brian was an inspirational speaker
and excellent at conveying the message. His teaching always
included keeping an open mind and only by combining all the
present data, both the structural and the functional, a conclusion
could be drawn - an approach that still is integrated into the
Biostructural Department today.

The classical ubiquitination pathway

Ubiquitination is an enzymatic process that involves the
addition of an ubiquitin protein to a substrate that usually
becomes inactivated followed by degradation in the proteasome;
however, several other functions have also been described. For the
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Aaron Ciechanover, Avram Hershko and Irwin Rose were awarded
the Nobel prize in 2004 [7]. Over the last two decades, the
molecular basis for how the individual components involved with
protein ubiquitination interact with each other has been revealed,
but it is still far from fully understood.

Protein ubiquitination is initiated by an E1 ubiquitin-activating
enzyme (E1) that requires ATP and Mg?* to catalyse the C-terminal
acyl-adenylation of ubiquitin, a reaction that results in an E1 non-
covalently bound to adenylated ubiquitin. In the following second
reaction step, the catalytic cysteine present in the E1, attacks the
adenylated ubiquitin to form the activated E1-ubiquitin (E1 ~ Ub)
thioester-bonded complex, with release of AMP [8]. Next, a second
ubiquitin molecule is adenylated and bound by the E1~Ub
thioester-bonded complex. This is followed by ubiquitin-transfer
of its thioester-bonded ubiquitin to an E2 conjugating enzyme (E2),
again involving a cysteine residue, to yield a thioester-bonded
E2 ~Ubcomplex [9]. Finally, an E3 ubiquitin ligase (E3) ensures
ubiquitin-coupling from the E2 ~Ub to a primary amine (i.e. the
g-amine of lysine or the N-terminus) of substrate proteins resulting
in a stable isopeptide bond linkage.

E3 ligases are the final catalytic components in the E1-E2-E3
ubiquitination cascade, and are in most cases critical for ubiquitin
transfer from the E2 ~ Ub complex to its specific substrate proteins.
Mono-, multi- and poly-ubiquitination are signals used in protein
sorting, signaling, DNA-repair, histone-regulation, and proteaso-
mal/lysosomal degradation (extensively reviewed elsewhere
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Table 1
Overview of TM-embedded human MARCH ligases and their interaction partners. TM-segments were predicted by TMHMM server v. 2.0 [98]. *Expression or cell surface
expression of target proteins is downregulated in respective MARCH-expressing cells, but it might not be the direct target.

E3 ligase Interacting protein/Target protein Biological significance References
Name Number of TM Experimental evidence for
segments ubiquitination by given MARCH
MARCH-1 Bap31 3 no controls intracellular transport of MARCH-1 [27]
INSR 2 yes regulates insulin signaling [28]
CD83 1 no stabilization of MHC-II in presence of MARCH-1 [29]
CD86 2 yes reduces CD86 cell surface expression [30]
TNR6 (CD95) - no* reduces TNR6 cell surface expression [31]
CD98 12 no* alters the itinerary of clathrin-independent cargo from recycling to [32]
degradation
TfR 1 yes reduces Tf-uptake [33]
TRAIL-R1 1 yes regulates cell-surface expression of TRAIL-R1 [34]
HLA-DMa 1 yes regulates MHC-II antigen presentation and MHC II trafficking [24]
HLA-DO@ 1 yes [35]
HLA-DRa 1 yes [36]
HLA-DR( 1 yes [26,37,38]
MARCH-2 (3,AR 7 yes regulates (3,AR cell surface expression and signaling in presence of [39]
carvedilol
STX-6 11 no inhibits CFTR-mediated autophagy in tumor cells, regulates transferrin [40-42]
CAL - no uptake, involved in pathway from endosomes to TGN
CFTR 1 yes
DLG1 - yes E3-ligases as regulator of PDZ-proteins or vice versa [43]
TfR 1 no reduces Tf-uptake [31,42]
CD86 2 no* reduces CD86 cell surface expression [31]
MARCH-3 Bap31 3 no controls intracellular transport of MARCH-3 [27]
STX-6 11 no modulates vesicular transport in endosomal recycling, reduces Tf-uptake [44]
FcyRII-b 1 yes downregulates FcyRII-b after TLR4 activation [45]
FoxO1 - no* regulates endothelial permeability in response to inflammatory factors [46]
MARCH-4 Bap31 3 no controls intracellular transport of MARCH-4 [27]
CD4 1 yes reduces CD4 expression [31,47]
CD81 4 yes regulates cell-cell interactions [27]
STX-4 1 no modulation of vesicular trafficking [48]
ALCAM 1 no role in antiviral immunity
MHC-I 1 yes regulates MHC-I antigen presentation [31]
Mult1 1 yes regulates stimulation of immune cells through NKG2D receptor [49]
MARCH-5 Prkarla - yes maintains pluripotency of embryonic stem cells in mice [50]
(MITOL) hFis1 1 yes regulates mitochondrial morphology [51-53]
Drp1 - yes
Mfn1 - yes
Mfn2 1 no
mSOD1 - yes eliminates misfolded and toxic proteins in mitochondria [54-56]
ANAT-3Q71 - yes
S-nitrosylated = - yes
MAP1B-LC1
TANK - yes enhances signaling of TLR7 in innate immunity [57]
MAVS 1 yes regulates the immune response against RNA virus infection [58]
MARCH-6 SM 4 yes regulates sterol homeostasis [59]
(TEB4) DIO2 - yes regulates thyroid hormone levels [60]
MARCH-8 Bap31 3 ? targets MARCH-8 to the cell surface, controls intracellular transport of [27]
(c-MIR) MARCH-8
CD44 1 yes regulates cell-cell interactions
CD81 4 yes
CD86 2 yes regulates immune response [61]
TNR6 (CD95) - no* reduces TNR6 cell surface expression [31]
IITRAP 1 yes regulates IL-1B3-induced signaling pathways [62,63]
STX-4 1 no modulation of vesicular trafficking [48]
TfR 1 yes regulates Tf-uptake [33]
E-cadherin 1 yes modulates cell adhesion in zebrafish embryos [64]
viral envelope  ? no* reduces virion incorporation of envelope glycoproteins [65]
glycoproteins
HLA-DO@ 1 yes regulates MHC-II antigen presentation [35]
HLA-DRoa 1 yes [66]
MHC-II 1 yes [67]
B-chain
MHC-I 1 no* alters the itinerary of clathrin-independent cargo from recycling to [32]
CD98 12 yes degradation
CD44 1 no*
TRAIL-R1 1 yes regulates cell-surface expression of TRAIL-R1 [34]
CD83 1 no stabilization of MHC-II in presence of MARCH-8 [25]
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Table 1 (Continued)

E3 ligase Interacting protein/Target protein Biological significance References

Name Number of TM Experimental evidence for
segments ubiquitination by given MARCH

MARCH-9 Bap31 3 no controls intracellular transport of MARCH-9 [27]
ALCAM 1 no role in antiviral immunity [48]
MHC-I 1 yes regulates MHC-I antigen presentation [31]
HLA-DMa 1 yes regulates MHC-II antigen presentation [24]
HLA-DOR 1 yes [35]
HLA-DQA 1 no* [68]
HLA-DQB 1 no*
Mult1 1 yes regulates stimulation of immune cells through NKG2D receptor [49]
ICAM1 1 yes regulates lymphocyte function [69]
FcyRII-b 1 no* regulates B-cell receptor signaling [68]
PTPRA 2 no* modulates the immune response
PTPR] 1 no*
SLAM 2 yes
ILT-2 1 no*
VAMPS 1 no* regulates endosomal vesical fusion
TMEM2 1 no* involved in cell adhesion
Plexin-C1 2 no* involved in integrin-mediated adhesion of dendritic cells
FCRL2 1 no* role in B-cell development

MARCH-  CD4 1 yes regulates CD4 levels [47]

11 Veli - no sorts proteins in pathway between TGN and multivesicular bodies [31,47]
w1-adaptin - no
SAMT1 4 yes involved in mice spermatogenesis [70]
Abbreviations:

32AR: beta-2 adrenergic receptor;

ALCAM: activated leukocyte cell adhesion molecule (CD166);

Bap31: B-cell receptor-associated protein 31;

CAL: CFTR-associated ligand (alternative name: GOPC: Golgi-associated PDZ and coiled-coil motif-containing protein);
CD: cluster of differentiation;

CFTR: cystic fibrosis transmembrane conductance regulator;

DIO2: type Il iodothyronine deiodinase;

DLG1:disks large homolog 1;

ANAT-3Q71: N-terminal truncated pathogenic ataxin-3 with a 71-glutamine repeat;
Drp1: dynamin-related protein 1;

FCRL2: Fc receptor-like protein 2;

FcyRII-b: IgG Fc receptor II-b;

FoxO1: forkhead box protein 1;

hFis1: human mitochondrial fission 1 protein;

ICAM1: intracellular adhesion molecule 1;

IL1RAP: interleukin 1 receptor accessory protein;

ILT-2: immunoglobulin-like transcript 2;

MAVS: mitochondrial antiviral-signaling protein;

Mfn: mitofusin;

MHC: major histocompatibility complex;

mSOD1: mutant superoxide dismutase 1;

Mult1: murine ULBP-like transcript 1;

NKG2D: natural killer cell group 2D;

PDZ: PSD95/DLG/Z0-1 (post-synaptic density protein 95 | Drosophila lethal disk large tumor suppressor protein / zona occluden-1);
Prkala : cAMP-dependent protein kinase type I-alpha regulatory subunit;
PTPRA: receptor-type tyrosine-protein phosphatase alpha;

PTPRJ: receptor-type tyrosine-protein phosphatase eta;

SAMT: spermatogenesis-associated multicopy transmembrane protein 1;
SLAM: signaling lymphocytic activation molecule;

SM: squalene monooxygenase;

MAP1B-LC1: microtubule-associated protein 1B light chain 1;

STX: syntaxin;

TANK: TRAF family member associated NF-kB activator;

Tf: transferrin;

TfR: transferrin receptor protein 1;

TGN: trans-Golgi network;

TLR: Toll-like receptor;

TM: transmembrane;

TMEM2: transmembrane protein 2;

TNR6: tumor necrosis factor receptor superfamily member 6 (=FAS1);
TRAIL-R1: tumor necrosis factor-related apoptosis-inducing ligand receptor 1;
VAMP: vesicle-associated membrane protein.
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[10,11]). Most E3 ligases are grouped into the HECT-E3 (homolo-
gous to E6-AP carboxy terminus) or the larger RING-E3 (really
interesting new gene) ligase family [11]. RING-E3 ligases directly
mediate ubiquitin transfer from an E2 to a specific substrate, while
the HECT-E3s transfer ubiquitin via an E3 ~ Ub thioester interme-
diate [12]. The main functions of RING-E3s are to provide the
scaffold that allows simultaneous binding of E2 and the substrate
protein, and in addition to induce a “closed” E2 ~ Ub conformation
that is primed for attack by the substrate nucleophile [13]. More
than 600 RING-E3s have been found in humans and they
outnumber the E1 and E2 proteins by far, with only two Els
and nearly forty E2s in humans [13]. Thus, E3 ligases impose, to a
large extent, specificity onto the ubiquitination pathway and are
therefore considered prime drug targets [ 14]. Consistent with their
fundamental role in orchestrating cellular trafficking of target
proteins, malfunction and faulty regulation of E3s is often
associated with human disease including viral infections [15],
neurodegenerative disorders [16,17] and cancer [14].

MARCH E3 ligases

A specific family of eukaryotic E3 ligases that has received
additional attention recently consists of the membrane-associated
RING-CH (MARCH) proteins. Initially, two viral MARCH-homo-
logue gene products were discovered in Kaposi's sarcoma (KS)-
associated herpesvirus (KSHV), and subsequently named K3 (kK3)
and K5 (kK5). Later, kK3- and kK5-related E3s were found in
poxviruses and a K3-related E3 ligase was discovered in
myxomavirus (termed mK3) [18]. These viral MARCH E3s help
escape from host defence mechanisms by down-regulating major

histocompatibility complex (MHC) class I (MHC-I) antigen
presentation and are now thought to originate from the human
MARCH proteins due to their overlapping substrate spectrum and
structural similarity [18-20]. Interestingly, viral MARCHS are often
able to ubiquinate their targets on non-lysine residues, such as
cysteine, serine and threonine residues [19,21,22].

The human MARCH family comprises eleven members (termed
MARCH-1 to 11), of which nine are transmembrane proteins. In this
review, we focus on the role of the membrane-spanning MARCH
proteins and how their transmembrane regions can mediate
interactions with their target proteins. Therefore, the cytosolic
MARCH-7 and MARCH-10 proteins are not regarded here (but have
been reviewed elsewhere [19,23]). MARCH proteins show over-
lapping substrate specificity (Table 1), and this can be rationalised
by phylogenetic analysis (Fig. 1). Even though some MARCHs
ubiquitinate the same substrate, they might do so in different
cellular compartments, at different time points, and with a
different ubiquitination pattern resulting in differential sorting
of their target proteins into different cellular pathways[24-26].

Architecture of human MARCH proteins

Human MARCH proteins share the RINGv domain (~6 kDa) that
coordinates two Zn?* ions in a cross-braced manner for recognition
of a cognate E2 protein. MARCH-7 and MARCH-10 are soluble non-
membrane associated E3 ligases with the RINGv domain at the
C-terminus, whereas the other family members are membrane-
embedded proteins with two transmembrane (TM) helices
predicted in MARCH-1/8, MARCH-2/3, and MARCH-4/9/11, four
in MARCH-5 and 14 in MARCH-6 (Fig. 1).

MARCH-4/9/11

RINGVe =
™ T™

RINGV— - — 38kDa
™ T™

™ T™M

MARCH-5
MARCH-1/8
RING Ve —I-I—N31 kDa
RINGV—  — 32 kDa ™ T™
G/AxxxG/A-motifs AMEIM
RNV ~33 kDa
™ T™

MARCH-2/3
RINGV— - ~27 kDa
™ T™
RINGV— - ~29 kDa

™ ™

MARCH-6

Fig.1. Phylogenetic tree of membrane-embedded human MARCH proteins. Subgroups of MARCH proteins are highlighted in grey with sequence illustrations below (from top
to bottom in increasing MARCH-number). RINGv domains are shown as orange pentagrams. RINGv-proximal TM helices belonging to the RINGv-TM1/TM2 core are shown as
light blue rectangles, additional TM helices are coloured dark blue. G/AxxxG/A-motifs are shown in yellow (see Fig. 3 for details). The molecular weight of the primary
structure is given on the right of the respective MARCH protein. Phylogenetic analysis was calculated with MEGA7 [99] using the MARCH-sequences given in Fig. 3.
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The RINGv domain is always placed N-terminal to the first TM
helix at a distance of approximately 13-36 residues from the first
TM helix. TM1 and TM2 are themselves connected via a 13-27
amino acid (aa) long luminal loop (L1). This RINGv-TM1/2 segment
is often confined either by disordered stretches (i) before the
RINGv domain (MARCH-1/8), (ii) after the TM2 helix (MARCH-6),
(iii) on both sides (MARCH-4/9/11), or (iv) by sequence boundaries,
i.e. that the RINGv is already placed at the very N-terminus of the
sequence (MARCH-5 and MARCH-6). Thus, the common structural
element in membrane-embedded MARCH proteins is a cytosolic
RINGv domain followed by two transmembrane helices (Fig. 1).

Consistently, the sequence conservation of the subgroup
members is most pronounced within this RINGv-TM1/2 segment
when compared to the entire sequence. (MARCH-1/8: 89% vs. 65%,
MARCH-2/3: 76% vs. 65%, MARCH-4/9: 91% vs. 67%, MARCH-4/11:
75% vs. 49%, MARCH-9/11: 72% vs. 49%). Although sorting motifs
are not necessarily included in this RINGv-TM1/TM2 segment, it is
likely to be sufficient to ensure E3 ligase activity. This includes
E3-binding to both a cognate E2-conjugating enzyme and a
substrate protein followed by substrate ubiquitination.

Oligomerisation of MARCH proteins

RING-E3 ligases are often found both as monomers and
homodimers, but heterodimers have also been reported [11].
However, the dimerisation interfaces can vary, and are grouped in
two distinct types, the RINGv-mediated interfaces and the non-
RINGv mediated interfaces [13]. E3 ligases have also been shown to
exist as higher oligomers, as revealed by negative-stain electron
microscopy for the tetrameric pre-mRNA splicing factor Prp19p
[71]. Prp19p is a soluble U-box E3 ligase that is structurally related
to RING-E3 ligases but lacks the eight canonical Zn?*-coordinating
residues [72].

Oligomerisation for MARCH proteins was first shown for the
viral MARCH kK5 by co-immunoprecipitation and the responsible
region could be traced to the TM1-L1-TM2 fragment [73]. Next,
MARCH-9 was shown to form oligomers with a truncated MARCH-
9 protein lacking the RINGv domain by co-immunoprecipitation
[69], also indicating that the RINGv-domain is not necessary for
oligomerisation in MARCH proteins. Co-immunoprecipitation
showed homo-oligomerisation for MARCH-1 and MARCH-8, as
well as possible hetero-oligomerisation for MARCH-1/MARCH-8
and MARCH-1/MARCH-9 [74]. Furthermore, MARCH-1 homo-

HLA- | [HLA-
DRal | DRBI

oligomerisation and MARCH-1/MARCH-8 hetero-oligomerisation
was confirmed by bioluminescence resonance energy transfer
(BRET) [74]. Importantly, these experiments do not exclude the
formation of higher oligomers than dimers. Interestingly,
co-immunoprecipitation studies with MARCH-1 chimeras, which
either had TM1, TM2 or both TM helices replaced by MARCH-9 TM
helices, revealed that oligomerisation with MARCH-1 was only
rescued when both TM1 and TM2 were exchanged [75]. In
conclusion, the oligomerisation of MARCH proteins is most likely
only mediated by the TM helices with little or no contribution from
the RINGv-domains.

Ubiquitination of MARCH target proteins

The RING-E3 ligase activity requires MARCH proteins to
simultaneously bind a cognate E2 conjugating enzyme and a
substrate protein. Ubiquitination of MARCH target proteins takes
place on the cytosolic side [22,36,76] inline with binding of E2
proteins to the cytosolic RINGv domain.

Both, the kK3 and kK5-mediated ubiquitination leads to rapid
internalisation of target proteins followed by lysosomal degrada-
tion, similar to that seen for MARCH-1/8 [77]. Ubiquitination
activity of kK3 and kK5 depends on the positioning of the targeted
lysine (or cysteine) residues [22]. The positioning of the lysine
residue on the substrate is in turn determined by the interaction
site of the substrate with the respective E3 ligase.

Although mK3 targets its substrates for proteasomal degrada-
tion, it is noteworthy that mK3-mediated ubiquitination seems to
be independent of any secondary structure or the amino acid
sequence in the cytosolic tail of an MHC-I heavy chain, as long as
two lysine, serine or threonine residues are present at the
C-terminus of an engineered glycine-rich tail [20]. This suggests
that the cytosolic tail of the substrate is not involved in mK3-
binding and in turn indicates that the interface in mK3 is located
within the TM helices or the luminal L1-loop. However, it was also
suggested that mK3 binds MHC-I heavy chains indirectly via
heterodimer TAP-1 and TAP-2, peptide transporters that are part of
the MHC-I peptide loading complex [78]. Experimentally validated
interaction partners of membrane-embedded MARCHSs are mostly
membrane proteins themselves (Table 1). Interestingly, these
MARCH-E3 substrates vary in their number of TM segments and
the sizes of their cytosolic and luminal regions. It is therefore
tempting to speculate that the MARCH TM helices fulfil two

lumen

B GxxxG-motifs

T K244 TK254

RINGv

MARCH-1/8

cytoplasm

Fig. 2. Schematic illustration of GxxxG-motifs in the TM helices of MARCH-1,8 and its ubiquitination target HLA-DRa 1/ 1, a heterodimeric MHC-II molecule. GxxxG motifs in
TM helices are shown in yellow, lysines that are ubiquitinated in the cytosolic tails of HLA-DRa1/31 are highlighted and marked with a red asterisk and labelled accordingly.
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functions: to provide interfaces for both oligomerisation and
substrate recognition.

Thoroughly characterised substrates for human MARCH-1/8 are
the MHC-II molecules, such as HLA-DRa1/B1, which become
ubiquitinated on their ~15 amino acid long cytosolic tails of the
a- and P-chains [36,76]. HLA-DRa/3 are heterodimeric, mainly
luminal proteins with one TM-helix each and a short cytosolic tail.
In contrast, the E2-binding RINGv domains of MARCH-1/8 are

MARCH-1/8

sp|Q8TCQ1 |[MARCH1_Human
sp|Q6NZQ8 |MARCH1 Mouse
tr|F1QSHO |MARCH1 Zebrafish
tr|F7DOPY9|MARCH1_Xenopus
tr|F1MM17 |[MARCH]1 Bos taurus
sp|Q5T0TO | MARCH8 Human
sp|Q9DBD2 | MARCH8_Mouse

tr |AOAOR4IAR7 |MARCH8_Zebrafish
sp|Q28IK8|MARCH8_Xenopus
sp|QOVD59 |MARCH8 Bos taurus

MARCH-2/3

sp|Q9PONS |MARCH2_ Human
sp|Q99M02 |[MARCH2_ Mouse
sp|Q1LVZ2 |MARCH2 Zebrafish
sp|Q1LVZ2 |MARCH2 Xenopus
sp|Q32L65|MARCH2 Bos taurus
sp|Q86UD3 |MARCH3 Human
sp|Q8BRX9 |MARCH3 Mouse
sp|Q68FA7|MARCH3_Xenopus
sp|AOJN69 |MARCH3 Bos taurus

MARCH-4/9/11

sp|Q9P2E8 | MARCH4_ Human
sp|Q80TE3 |MARCH4_ Mouse
sp|Q0P496 |[MARCH4_Zebrafish
tr|F6Y0Y1|MARCH4_ Xenopus
tr|FIN6GO |[MARCH4 Bos taurus
sp|Q86YJ5|MARCHY_ Human
sp|Q3TZ87 |MARCHY9 Mouse
tr|E7F4X3 |MARCHY Zebrafish
tr|B2GUJ6 | MARCHY_Xenopus
tr|E1BN37 |MARCHY9 Bos taurus
sp|A6NNE9 |MARCH11_ Human
sp|Q8CBH7 |[MARCH11_Mouse
tr|F1IRED7 |[MARCH11 Zebrafish
tr|F6Q1G4 |MARCH11_ Xenopus
tr | FIN3F0 |MARCH11 Bos taurus

MARCH-5

sp|Q9NX47 |[MARCH5_Human

sp | Q3KNM2 | MARCH5 Mouse

sp | Q6NYK8 |MARCH5 Zebrafish
sp|Q6GM44 | MARCHS_Xenopus
sp|Q32C24 |MARCHS Bos taurus

MARCH-6

sp|060337|MARCH6_Human
sp|Q6ZQ89 |MARCH6 Mouse
tr|E9QDQ9 |MARCH6 Zebrafish
tr|A2RV74 |MARCH6 Xenopus

tr | F1IMHFO |[MARCH6 Bos taurus

I
I
I
I
12k
A
I
I
I

located in the cytoplasm (Fig. 2). Thus, interaction between
HLA-DRa/ and MARCH-1/8 can in principle be mediated by the
TM regions, the luminal loop, and/or the cytosolic linker between
RINGv and TM1 of MARCH-1/8.

Formation of MHC-II heterodimers is mediated by GxxxG
motifs in their transmembrane helices [79,80]. The functional
importance of the GxxxG mediated HLA-DRa/[3 interface was
recently highlighted, when it was pointed out that the two GxxxG

TM2
[ cxxzxc

140 LABCL
140 LABCL
141 L L
140 L, L
140 LABCL)

Fig. 3. Sequence alignment of the two RINGv-proximal TM helices (TM1 and TM2) in MARCH proteins. Sequence data were extracted from UniProtKB, accession codes are
given (sp: manually reviewed entries; tr: computationally analysed entries). TM helices were predicted using the TMHMM server v.2.0 [98] and aligned with Clustal Omega
[100] in JalView [101]. Numbers to the left of the sequences indicate the position of the first given amino acid in the respective sequences. The G/AxxxG/A-motifs are boxed.
Small residues (orange), aromatic residues (cyan), positively charged residues (blue), negatively charged residues (red), glutamine (purple), hydrophobic residues (white),
serine and threonine (green), cysteine (pink), proline (yellow) are highlighted in indicated colours. The blue bar above each alignment indicates the predicted TM helices with
the respective G/AxxxG/A motif highlighted. A black line separates the aligned MARCH families.
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motifs in the TM region of HLA-DR« allow for two positions that
HLA-DR[3 can recognise with its single GxxxG motif, also located in
the TM region. Importantly, the two different vertical positions of
TM helices forming the HLA-DRa/f interface likely have long-
range implications for binding of antigens and their presentation to
T-cells [81,82]. Interestingly, GxxxG motifs are also found in
MARCH TM helices and might therefore also serve as recognition
points for the MHC-molecules and other substrate proteins (Fig. 2).

The GxxxG-motif

In soluble proteins, the GxxxG-motif is mainly found in
helix-helix interactions and, in a few cases, also in helix-
B-strand interactions [83]. Furthermore, in amyloid fibrils
GxxxG motifs occur in parallel-stranded [3-sheets forming
grooves on the [-sheet surface [84]. Interestingly, GxxxG-
motifs are most often found in TM helices of integral membrane
proteins where they can mediate oligomerisation, intramolecu-
lar helix-helix interactions, and/or protein-protein interactions
[85-87]. Although GxxxG is one of the most abundant identified
motifs in TM helix-helix interactions, its presence per se is only a
weak predictor for a physical interaction [88,89]. The key to a
specific interaction likely includes the sequence context of the
GxxxG-motif [90,91]. However, it is unclear whether the
surrounding amino acid composition in such a structural motif
can be used to predict involvement in dimerisation or protein-
protein interactions [88]. However, a central placement of the
GxxxG motif within a TM helix does result in a stronger
dimerisation interface [92].

Generally, glycines (and other small residues such as alanine)
present in a helical GxxxG-motif that are facing the same side of
the helix form a uniform surface that enables direct contact with a
second helix. Crystal structures of multipass membrane proteins
have demonstrated that GxxxG-motifs are used in various
constellations to pack TM helices. In the T. thermophilus trans-
hydrogenase domain Il [93] or the sodium-proton antiporter NhaA
[94] some GxxxG-motifs (and extended repeats thereof) are facing
towards each other (in some cases with a shifted register), whereas
other GxxxG-motifs are only present in one of the interacting
helices, but still forming a dimer interface with the neighbouring
TM helix. In the sodium-potassium pump [95] a variant of the
GxxxG-motif (AxxxA) is found at the TM interface between the a-
and +y-subunits. This AxxxA-motif is present in both interacting
helices and both motifs are facing towards each other (again a shift
in register is observed). In the 3-/a-subunit binding interface, the
extended motif GxxxGxxxG in the (B-subunit faces the lipid
environment and thus away from the interface [95]. This might
allow for binding of interaction partners or simply demonstrates
that not all GxxxG-motifs are involved in direct helix-helix
interactions.

The GxxxG-motif in MARCH-1/8

Sequence alignment of MARCH-1/8 homologues reveals a
strongly conserved GxxxG-motif in the central part of the TM2
helix (Fig. 3). A third glycine residue is placed at the n+3 position,
which might allow for the accommodation of bulkier sidechains or
intertwined helices. The canonical GxxxG-motif is placed centrally
within the TM2 helix and it would not come as a surprise if this
motif is involved in helix-helix interactions either by mediating
oligomerisation or substrate recognition. However, structural
information is needed to confirm this hypothesis. Interestingly,
TM1 does not contain any GxxxG or related motif.

In addition to the motif found in TM2, a second GxxxG-motif is
present in the L1-loop in MARCH-1/8. The motif is less conserved
within MARCH-1/8 homologues and is present in the middle of the
L1-loop. The L1-loop is generally rich in amino acid residues with
high turn propensities [96], suggesting lack of secondary structure

in this loop. However, as the length of the L1-loop in e.g. human
MARCH-1 with 14 amino acid residues is longer than needed for
just a simple turn, one could speculate that the motif-surrounding
residues create flexibility and that the motif engages interaction
partners on the luminal side, e.g. via parallel extension of a
[B3-sheet.

The GxxxG-motif in the other MARCH proteins

The GxxxG-motif is also present in TM helices of the other
MARCH proteins (Fig. 3). In MARCH-2/3, the GxxxG-variants are
found both in TM1 and TM2. Interestingly, the two motifs (AxxxG
in TM1 and AxxxA in TM2) are positioned at similar distance from
the luminal membrane. This would allow for a classical dimerisa-
tion interface involving the GxxxG-like motifs in MARCH-2/3.

MARCH-4/9/11 have an AxxxG-motif in TM1 close to the
cytoplasmic membrane, while there is no such motif in TM2.
MARCH-5 even has two GxxxG-motif variants (GxxxG and AxxxG)
in TM1, but none in TM2. Interestingly, mutation of this GxxxG
motif to LxxxL prevented oligomerisation of MARCH-5 molecules,
while the same mutation of another GxxxG motif in the L1-loop
between TM1 and TM2 did not interfere with oligomerisation [97].
March-6 does not contain any GxxxG- or related motifs in TM1, but
a CxxxS motif is found in TM2. Cysteines and serines are in this
context also defined as small residues that can promote helix-helix
interactions [88].

Conclusions

A large number of membrane proteins use GxxxG-motifs (and
variants thereof) in their TM helices for intra- and intermolecular
recognition of other TM helices. Here we describe that this GxxxG-
motif is also found in different variations in all membrane-
embedded MARCH E3 ligases. Presence, number and positioning of
these motifs in the two core TM-helices (TM1 and TM2) differ
between the phylogenetic MARCH subgroups. However, when the
motifis present it is always strongly conserved, suggesting a role in
oligomerisation and/or substrate recognition for these MARCH-
proteins. However, structural data on the MARCH proteins in
context with the TM helices is completely lacking, but would be
beneficial for the design of drugs that regulate MARCH-induced
ubiquitination.
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