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Poxviruses and gamma-2 herpesviruses share the K3 family of viral immune evasion proteins that inhibit the
surface expression of glycoproteins such as major histocompatibility complex class I (MHC-I), B7.2, ICAM-1,
and CD95(Fas). K3 family proteins contain an amino-terminal PHD/LAP or RING-CH domain followed by two
transmembrane domains. To examine whether human homologues are functionally related to the viral immu-
noevasins, we studied seven membrane-associated RING-CH (MARCH) proteins. All MARCH proteins located
to subcellular membranes, and several MARCH proteins reduced surface levels of known substrates of the
viral K3 family. Two closely related proteins, MARCH-IV and MARCH-IX, reduced surface expression of
MHC-I molecules. In the presence of MARCH-IV or MARCH-IX, MHC-I was ubiquitinated and rapidly
internalized by endocytosis, whereas MHC-I molecules lacking lysines in their cytoplasmic tail were resistant
to downregulation. The amino-terminal regions containing the RING-CH domain of several MARCH proteins
examined catalyzed multiubiquitin formation in vitro, suggesting that MARCH proteins are ubiquitin ligases.
The functional similarity of the MARCH family and the K3 family suggests that the viral immune evasion
proteins were derived from MARCH proteins, a novel family of transmembrane ubiquitin ligases that seems

to target glycoproteins for lysosomal destruction via ubiquitination of the cytoplasmic tail.

Ubiquitination plays a central role in diverse cellular func-
tions, many of which are the consequence of ubiquitin-medi-
ated proteasomal degradation (19). However, ubiquitination
also regulates the sorting of proteins along the endocytic route
to lysosomes (21). Protein targets are selected for ubiquitina-
tion by ubiquitin ligases, also called E3s. E3s simultaneously
interact with a substrate and ubiquitin conjugating enzymes
(E2s), receiving activated ubiquitin from the ubiquitin activat-
ing enzyme (E1). The two major families of E3s contain either
HECT domains (for homologous to E6 AP C terminus) or
RING domains (for really interesting new gene) (26). The
RING domain belongs to a large class of zinc-finger motifs that
is characterized by a conserved series of cysteines and histi-
dines: the RING-finger (C3HC4), the RING-H2-finger
(C3H2C3), the LIM-finger (C2HCS), and the TRIAD-finger
(C6HC). A motif structurally related to the RING-finger is the
plant homeodomain (PHD) or the leukemia-associated pro-
tein domain (LAP) (1, 32), which is characterized by the
C4HC3 sequence. A subfamily of the PHD/LAP domain,
termed the BKS domain, was discovered in gamma-2 herpes-
viruses and poxvirus, as well as several eukaryotic genomes
(30). Yeast contains a single protein with this motif, SSM4 or
DOA10. SSM4 is responsible for the endoplasmic reticulum
(ER)-associated degradation of a subclass of hydrophobic pro-
teins by the proteasome (35). The BKS domain of this protein
was further shown to act as a ubiquitin ligase in vitro. Given
both the sequence and the functional similarity to the RING
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and RING-H2 domains, it has been proposed to rename the
BKS subtype of PHD/LAP motifs as RING-CH (35), a nomen-
clature adopted here.

The two RING-CH proteins, K3 and K5, in the genome of
Kaposi’s sarcoma associated herpesvirus (KSHV), as well as
the single K3 gene of murine gamma-2 herpesvirus 68
(MHV68), were determined by several groups to encode pro-
teins that inhibit the surface expression of MHC-I molecules
(9, 24, 34). In addition to MHC-I, KSHV-KS was found to
downregulate surface expression of the costimulatory mole-
cules ICAM-1 and B7.2 (10, 23). Sequences homologous to the
gamma-2 herpesvirus RING-CH proteins are present in pox-
virus genomes (30), and the myxomavirus homologue M153R
targets MHC-I and CD4 by a mechanism similar to that used
by the herpesviral proteins (17, 28). Thus, it seems that gam-
ma-2 herpesviruses and poxvirus share a family of immune
evasion proteins. Several names have been suggested for this
family such as modulators of immune recognition (MIR) (11),
Scrapins (17), or the K3 family (13).

Target molecules for the K3 family are rapidly internalized
from the cell surface and destroyed in the lysosomes (9, 24, 28).
A notable exception is MHV68-K3, which associates with
MHC-I during peptide loading and causes MHC-I to be de-
graded by the proteasome (6, 27, 36). K3 family proteins re-
quire lysines in the cytoplasmic tail of their target molecules
for downregulation, and MHC-I, CD4, or B7.2 molecules are
ubiquitinated in cells transfected with K3 proteins (6, 11, 20,
28). Moreover, since the isolated RING-CH domain of several
K3 family proteins was shown to display ubiquitin ligase activ-
ity in vitro, it was proposed that this family of RING-CH
proteins act as E3 enzymes that mediate the ubiquitination of
the cytosolic tails of target transmembrane proteins (6, 11, 28).
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Since poxviruses and herpesviruses are unrelated viral fam-
ilies, it seemed likely that the viral RING-CH proteins origi-
nated from eukaryotic hosts. Several examples exist for host-
related immune evasion genes shared between herpesviruses
and poxviruses (29). Moreover, the existence of genes homol-
ogous to KSHV-K3 and -KS in the genomes of lower eu-
karyotes was noted by Nicholas et al. (30) upon completion of
the sequence for the corresponding region of the KSHV ge-
nome. Furthermore, several investigators described K3-related
genes in mammalian genomes that are related to K3 family of
viral proteins (22, 25). One of these homologous proteins,
termed c-MIR, was recently shown to downregulate B7.2 in a
manner very similar to that of KSHV-K5 (16). In contrast to
the viral K3 family proteins, however, c-MIR was unable to
reduce the surface expression of MHC-I (16). Besides c-MIR,
we identified eight additional RING-CH proteins related to
the viral proteins. The characterization of several members of
this family, termed membrane-associated RING-CH proteins
(MARCH), revealed that MARCH-IV and -IX effectively re-
duced the surface expression of MHC-I but not B7.2. We
further report that MHC-I is ubiquitinated and internalized in
a lysine-dependent manner in the presence of MARCH-IV
and MARCH-IX. To our knowledge, these are the first cellular
gene products identified that downregulate the surface expres-
sion of MHC-I. These data suggest that the viral K3 family was
derived from MARCH-related proteins, a protein family that
seems to regulate endocytosis of cell surface receptors via
ubiquitination.

MATERIALS AND METHODS

Reagents. Conanamycin A (Sigma) and lactacystin (Boston Biochem) were
used at 50 nM and 20 pM, respectively. Protein A/G beads were from Santa Cruz
Biotechnology. The antibodies included AP-1 (Sigma), K455 (from Per A. Peter-
son), anti-Fas (Pharmingen), anti-TfR (US Biologicals), anti-B7.1 (Pharmingen),
anti-B7.2 (Pharmingen), anti-FLAG (Sigma), P4D1 (Santa Cruz), anti-EEA-1
(BD Transduction Laboratories), anti-Golgin-97 (Molecular Probes), anti-Cal-
nexin (Stressgen), anti-Flag:FitC (Sigma), and anti-LAMP-1 (University of
Towa). Hybridomas for W6/32, BB7.2 and OKT4 were obtained from the Amer-
ican Type Culture Collection and were grown in house. HeLa cells used in the
present study were stably transfected with tetracycline transactivator (Clontech).

Plasmids. CDNA for B7.1 was isolated from B7.1/pRMHa3 (from Lars Karls-
son) and inserted into pUHD10.1. B7.2 (16) was obtained from Satoshi Ishido,
A2.1 and CD4 wild type and lysine mutants were as described previously (28),
and vps4 wild type and green fluorescent protein (GFP)-Vps4-E228Q mutant
were obtained from Phillip Woodman (5). MARCH-I cDNA was a gift from
Sumio Sugano (cDNA FLJ20668, clone KIAA5851). cDNAs for MARCH-II,
MARCH-V, MARCH-VII, and MARCH-VIII and both splice variants of
MARCH-IX were obtained via the IMAGE consortium (clones 24525, 3905766,
3449089, 4830278, 4811410, and 3936171, respectively). MARCH-IV ¢cDNA was
obtained from the Kazusa DNA Research Institute (clone KIAA1399). Each
MARCH gene was amplified via PCR with or without a C-terminal FLAG
epitope tag by using suitable primers. The PCR products were digested with
appropriate restriction enzymes and ligated into either the pUHD10-1 or tetra-
cycline-regulatable pUHG10-3 vector (15). The amino-terminal portions, includ-
ing the RING-CH domains of selected MARCH-I, -1I, -1V, -VIII, and -IX
proteins, were fused to glutathione S-transferase (GST) by using pGEX-4T-1
vector (AP Biotech).

Deletion constructs of MARCH-IV were created by amplifying the corre-
sponding region of the MARCH-IV mRNA via PCR by using suitable primers
with or without a C-terminal FLAG epitope tag. PCR products were digested
with appropriate restriction enzymes and ligated into the pUHD10-1 vector.

Real-time PCR. Short (50- to 100-bp) fragments from MARCH-I, MARCH-
1I, MARCH-IV, and MARCH-VIII and two splice variants of MARCH-IX
c¢DNA were amplified via PCR with appropriate primers. A panel of first-strand
c¢DNAs from human tissues (human MTC panel I; Clontech, Palo Alto, Calif.)
was used as a template. The concentration of cDNA samples were normalized by

J. VIROL.

using alpha-tubulin, beta-actin, G3PH, and phospholipase A2. The PCR was
carried out in buffer composed of 1X SYBR Green PCR buffer (PE Biosystems),
3 mM MgCl,, 0.8 mM concentrations of deoxynucleoside triphosphates, 0.625 U
of AmpliTaq Gold (PE Biosystems), 0.01 pl of Amperase (PE Biosystems), and
50 nM concentrations of primers. A total of 23 pl of buffer was added to 2 .l of
template cDNA, and the mixture was run under the following conditions: 95°C
for 10 min, followed by 40 cycles of 95°C for 15 s and 60°C for 1 min. Amplifi-
cation was tracked via SYBR Green (PE Biosystems) incorporation by using an
ABI Prism 7700 sequence detection system (Applied Biosystems, Foster City,
Calif.). Absolute standards were generated by using known quantities of cloned
MARCH cDNAs.

Uptake assay. Uptake of MHC-I was measured as previously described (28).
In short, at 24 h posttransfection, HeLa cells were washed, and the polyclonal
anti-human MHC-I antiserum K455 (1:100) was allowed to bind for 30 min at
4°C. Cells were washed with phosphate-buffered saline (PBS) and either fixed
immediately in 2% paraformaldehyde or incubated in fresh growth medium at
37°C for 120 min to allow uptake of antibody bound MHC-I. K455 was visualized
with Alexafluor 594-conjugated goat anti-rabbit secondary antibody (Molecular
Probes).

Immunofluorescence analysis and flow cytometry. For flow cytometry, cells
were treated with trypsin, washed with ice-cold PBS, and incubated with appro-
priate antibodies for 30 min at 4°C. After several washes in PBS, cells were
incubated with phycoerythrin-conjugated goat anti-mouse secondary antibody
(Dako) and washed again before analysis with a FACScalibur flow cytometer
(BD Biosciences).

Immunofluorescence analysis was as described previously (28). In brief, cells
were plated on glass coverslips (Fisher), transfected for 24 h, fixed with 2%
paraformaldehyde, permeabilized with 0.2% Triton X-100, and blocked with 3%
bovine serum albumin and 0.5% fish gelatin. After being stained with primary
antibody and secondary antibodies for at least 30 min at 37°C, coverslips were
mounted on slides and covered with Vectashield H-1200 plus DAPI (4',6'-
diamidino-2-phenylindole; Vector Laboratories). All pictures were taken in
monochrome, contrast enhanced, and artificially colored by using Openlab soft-
ware (Improvision).

Metabolic labeling, immunoprecipitation, and Western blotting. After starv-
ing in methionine-free medium for 30 min, HeLa transfectants were metaboli-
cally labeled with [*S]cysteine-[**S]methionine (250 wCi; Amersham) for the
indicated times. Labeled cells were washed twice with PBS and lysed immediately
in PBS containing 1% Triton X-100 and protease inhibitors (Roche). Lysates
were precleared with protein A/G-agarose beads and incubated with 3 pg of
antibody for 1 h, followed by 2 h of incubation with protein A/G-agarose beads.
Immunoprecipitated proteins were washed five times with 0.1% Triton X-100 in
PBS. Reimmunoprecipitation experiments were as described previously (28).

For immunoblotting of unlabeled immunoprecipitates, we used the Western-
Breeze chemiluminescence detection system (Invitrogen) following semidry
transfer to polyvinylidene difluoride membranes (Millipore Corp.).

Ubiquitination assay. UbcH2 and UbcH3 were obtained from Boston Bio-
chem. His,-UbcH5a was obtained from Roger Everettt, expressed in BL21(DE3)
cells (Stratagene), and purified as previously described (8). Purified E2 proteins
were stored at —80°C. E3 proteins were purified as described previously (28) and
stored at 4°C. In vitro reaction mixtures (20 pl total) included 50 nM rabbit E1
(Boston Biochem), 28 pM ubiquitin, 5 mM ATP, 50 mM Tris-HCI (pH 7.5), 50
mM NaCl, and 2 mM dithiothreitol. E2 enzymes were used at concentrations
varying from 0.1 to 2.3 pM, and E3 concentrations ranged from 3 to 30 pM.
After 90 min of incubation at 30°C, reactions were stopped by boiling them in
sodium dodecyl sulfate (SDS) sample buffer. Samples were electrophoresed
through SDS-12% polyacrylamide gels and immunoblotted with anti-ubiquitin
antibody P4D1.

RESULTS

Mammalian K3 family homologues. The hallmarks of the
viral K3 family are an amino-terminal RING-CH domain, fol-
lowed by two transmembrane domains. Using the RING-CH
domain of KSHV-K3 and KSHV-KS5, we searched the Gen-
Bank database by using BLAST 2.0. Nine hypothetical human
proteins of unknown function were identified that display
RING-CH domains, followed by two or more predicted trans-
membrane domains (Fig. 1). We propose to name this mam-
malian gene family membrane-associated RING-CH
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FIG. 1. Human homologues of viral K3 family proteins. The RING-CH domain from the nine identified human MARCH proteins (I to IX)
and the known viral K3 family proteins were aligned by using Vector NTI 7.0 software. The RING-CH domain is shown boxed in dark gray,
whereas other conserved amino acids are shown boxed in light gray. The hydropathy plots (middle panel) for each MARCH protein were generated
by using TMPRED (www.ch.embnet.org). The location of the RING-CH domain is shown by a black box under the hydropathy plot, whereas the
number of transmembrane domains predicted is shown to the right of the RING-CH alignment. Phylogenetic relationships for the full-length
sequences (bottom) were generated by using Vector NTI suite 7 software.

(MARCH) proteins. MARCH-VI, also called TEB-4, con-
tained 12 predicted transmembrane domains and is the pre-
dicted homologue of yeast SSM4/DOA10 (35). MARCH-V is
predicted to contain four transmembrane domains. In the re-
maining seven predicted proteins, the RING-CH domain is
followed by two predicted transmembrane domains. MARCH-
VII has an amino-terminal extension of about 500 amino acids
prior to the RING-CH domain and is only distantly related to
the other MARCH proteins. Phylogenetic analysis reveals that
the remaining six two-transmembrane proteins occur as three
pairs that are closely related: MARCH-I and -VIII,
MARCH-II and -III, and MARCH-1V and -IX. MARCH-VIII
is identical to the previously characterized c-MIR (16). Al-
though all six MARCH proteins form a branch of the phylo-
genetic tree that is clearly separate from the viral K3 family

(not shown), they share the primary structure and topology of
the viral K3 proteins, which all display short amino termini
containing the RING-CH domain succeeded by two trans-
membrane domains.

Tissue-specific expression of MARCH proteins. To investi-
gate whether MARCH protein expression is ubiquitous or
tissue specific, we performed real-time reverse transcription-
PCR with primers specific for MARCH-I, -II, -1V, and -VIII
and two splice variants of MARCH-IX on a panel of human
tissue samples (Fig. 2). The most abundant expression was
observed for MARCH-II and MARCH-IX, which were ex-
pressed in every tissue analyzed at high copy numbers (note
the different scales in Fig. 2). The most restricted expression
was observed for MARCH-IV, which was mainly expressed in
brain and placenta. Transcripts for the other three MARCH
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FIG. 2. Tissue distribution of MARCH proteins. Expression of
MARCH-, -II, -1V, -VIII, and -IX was measured by real-time PCR in
a panel of human tissue cDNAs (Clontech). MARCH-IX occurs in two
splice variants, one of them missing the RING-CH domain. Both
variants were included in this analysis. Expression of each gene was
quantified by using absolute standards created from plasmid DNA.
Concentrations of cDNAs were normalized by using the housekeeping
genes GAPDH (glyceraldehyde-3-phosphate dehydrogenase) and
B-actin.

proteins tested were detected in only some tissues and at gen-
erally lower levels. These data indicate both a tissue-specific
and a widespread expression of MARCH proteins.
Subcellular localization of MARCH proteins. The predicted
transmembrane domains implied that MARCH proteins local-

LAMP-1

LAMP-1

MARCH-I

MARCH-Il{a) MARCH-Ii(b)

MARCH-lII
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ize to membranous compartments. To determine their subcel-
lular localization, we transfected Hela cells with FLAG-
tagged cDNA constructs for MARCH-I, -II, -III, -1V, -V,
-VIIL, and -IX. Cells were analyzed by immunofluorescence
with anti-FLAG, together with antibodies to various markers
of subcellular compartments (Fig. 3). MARCH-I, MARCH-
III, and MARCH-VIII showed a distinct punctate staining
pattern that partially overlapped with endocytic or lysosomal
vesicles. MARCH-V and MARCH-II showed an ER-like
staining pattern that overlapped with calnexin staining (Fig. 3,
staining pattern a). In about 30 to 40% of the cells however,
MARCH-II showed a vesicular staining that did not overlap
with calnexin but costained partially with Lamp (staining pat-
tern b). The reason for these mutually exclusive patterns of
MARCH-II is currently not known but does not seem to cor-
relate with expression levels or cell cycle status (results not
shown). MARCH-IV and MARCH-IX costained with the
Golgi markers Golgin or the trans-Golgi marker AP-1, respec-
tively. The staining pattern observed for most of the MARCH
proteins is thus quite distinct from the ER-staining observed
for the gamma-2 herpesvirus and poxvirus proteins (11, 28, 31)
but is consistent with MARCH proteins being associated with
subcellular membranes.

Ubiquitin ligase activity of the RING-CH domains of
MARCH proteins. The predicted RING-CH domain implies
ubiquitin ligase activity of MARCH proteins. RING-E3s are
known to catalyze the formation of ubiquitin adducts in vitro
when coincubated with ubiquitin, ATP, E1, and an appropriate
E2 (26). Using purified GST fusion proteins, we examined
whether the RING-CH domains of MARCH-I, -II, -1V, -VIII,
and -IX act as ubiquitin ligases in vitro. These RING-CH
domains were selected because the corresponding MARCH
proteins downregulated cell surface glycoproteins as discussed

~ Golgin AP-1

MARCH-IV MARCH-V MARCH-VIiI MARCH-IX

FIG. 3. Localization of MARCH proteins to intracellular membranous organelles. HeLa cells were transfected with plasmids encoding
C-terminally Flag-tagged versions of the indicated MARCH proteins. At 20 h posttransfection, cells were stained with antibodies against indicated
cellular markers (top panel in red) or anti-FLAG (bottom panel in green). Colocalization is visualized as yellow in the merged panel (middle). All
cellular markers were examined against all MARCH proteins. However, only results that indicated a significant overlap are shown. The markers
of subcellular compartments were calnexin (Cxn) for ER, Golgin-97 for Golgi, Adaptor protein 1 (AP-1) for the frans-Golgi network, early

endosomal antigen (EEA) for endosomes, and LAMP-1 for lysosomes.
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FIG. 4. MARCH proteins act as ubiquitin ligases in vitro. GST fusion proteins of the amino-terminal domains of individual MARCH proteins
were incubated with ubiquitin, ATP, E1, and the indicated ubiquitin-conjugating enzymes (ubc, E2) and separated by SDS-polyacrylamide gel
electrophoresis prior to immunoblotting with the ubiquitin-specific antibody P4D1. Ubiquitin ligase activity is indicated by the appearance of
high-molecular-weight ubiquitinated species. Ubiquitinated proteins were not detected in the absence of E3s (None) or with GST alone

(unpublished data).

in the next paragraph. The purified proteins were incubated
with ubiquitin, ATP, and E1 together with E2 enzyme. Immu-
noblotting with antibodies against ubiquitin revealed that the
RING-CH-GST fusion proteins of four MARCH proteins
were able to catalyze the formation of high-molecular-weight
molecular ubiquitin complexes in the presence of ubcH2,
ubcH3, or ubcH5a (Fig. 4). Despite its high homology to
MARCH-IV, MARCH-IX did not mediate ubiquitination with
any of the E2s shown in Fig. 4 or with UbcH6, UbcH7,
MmUbc6, or MmUbc7. However, since MARCH proteins
showed a distinct specificity for individual E2 enzymes even
when their RING-CH domains were closely related (e.g.,
MARCH-I and -VIII), the latter observation does not contra-
dict a ubiquitin ligase function for MARCH-IX. More likely,
MARCH-IX was unable to function with the panel of E2
tested. Ubiquitin complexes were not detected in the absence
of MARCH proteins or in the presence of purified GST (Fig.
4 and unpublished data). The finding that four of five
RING-CH domains examined in this assay demonstrated E3
ligase activity strongly suggests that all MARCH proteins act as
ubiquitin ligases but differ in their E2 specificity.
Downregulation of surface receptors by MARCH proteins.
All viral K3 family members downregulate expression of
MHC-I. Additional substrates are ICAM-1 and B7.2 (but not
B7.1) for KSHV-KS, as well as Fas and CD4 for M153R. To
examine whether MHC-I or any of these other glycoproteins
are also affected by MARCH proteins, we transiently trans-
fected HeLa cells with expression plasmids for all two-trans-
membrane MARCH proteins (except MARCH-VII) or the
four-transmembrane MARCH-V and monitored the surface
expression of selected glycoproteins. The following known sub-
strates for viral K3 family members were tested: Fas (CD95)
and MHC-I, both of which are endogenously expressed in
HelLa cells, as well as transfected HLA-A2.1, CD4, and B7.2.
We used endogenously expressed transferrin receptor (TfR)

and transfected B7.1 as controls, neither of which is downregu-
lated by the viral proteins. The results are plotted as the flu-
orescence of the respective surface markers versus the fluores-
cence of cotransfected GFP (Fig. 5A). Interestingly and
unexpectedly, the expression of every surface glycoprotein was
affected by at least one of the MARCH proteins, with the
notable exception of B7.1. The four-transmembrane
MARCH-V, as well as the two-transmembrane MARCH-III,
did not downregulate any of the protein tested, although these
proteins were clearly expressed as revealed by immunoprecipi-
tation and immunoblotting of their FLAG-tagged versions
(Fig. 5B and C). MARCH-II, which is ca. 60% identical to
MARCH-III, downregulated TfR and B7.2. For the remaining
four proteins, a distinct pattern emerged, whereby MARCH-I
and -VIII downregulated TfR, B7.2, and Fas, whereas
MARCH-IV and -IX downregulated MHC-I and CD4. The
downregulation of B7.2 by MARCH-VIII is consistent with
previous reports (16). Our results indicate an intrinsic sub-
strate specificity correlating with sequence homology (Fig. 1).
Some overlap in substrate specificity, however, seems to exist
between these two pairs of proteins since surface levels of
transfected A2.1 were also weakly reduced by MARCH-VIII
and the levels of transfected B7.2 were weakly reduced by
MARCH-IV. TfR downregulation was not previously reported
for any of the viral proteins, and TfR is the only type II
transmembrane protein included in our panel. Taken together,
these data suggest that the human homologues of viral immune
evasion proteins downregulate a distinct, partially overlapping,
panel of cell surface glyocoproteins.

Functional domains of MARCH-IV and -IX. The distinct
substrate specificity of MARCH-I/VIII and MARCH-IV/IX
correlates with homologies in their primary structures.
MARCH-I and -VIII are closely related (>90% identity) in
their RING-CH domains and transmembrane domains,
whereas their amino-terminal and carboxy-terminal regions
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FIG. 5. Downregulation of surface glycoproteins by the MARCH family. (A) HeLa cells were transfected with the respective MARCH
expression plasmid and GFP. Surface expression of indicated surface proteins was measured via flow cytometry with specific primary antibodies
and a phycoerythrin-conjugated secondary at 24 h posttransfection (unpublished data). Black arrows indicate significant downregulation. Expres-
sion of FLAG-tagged versions of MARCH proteins was confirmed with anti-FLAG antibody by immunoprecipitation (B), whereas steady-state
levels were measured by immunoblot (C). Introduction of the FLAG tag at the carboxy terminus of MARCH proteins did not affect the ability
of these proteins to downregulate their substrates (data not shown).
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FIG. 6. Functional domains of MARCH-IV and MARCH-IX. (A) Diagram showing the homology between MARCH-IV and MARCH-IX, as
well as the deletion mutants in MARCH-IV. The RING-CH domain (dark gray), the two transmembrane domains (light gray) and additional
regions (hatched) are > 90% identical, whereas the remaining parts of the molecules (white) are <20% conserved. MARCH-IX (—) represents
a splice variant lacking the RING-CH domain. Two conserved cysteines in the RING-CH domain were replaced with serines in the MARCH-1V
RING mutant. N- and C-terminal deletion constructs of MARCH-IV are indicated; the predicted full-length construct contains a 63-amino-acid
N-terminal extension. (B) Ratio (in percent) of the mean fluorescence of surface MHC-I detected by flow cytometry with W6/32 after 24 h of
MARCH-transfected versus nontransfected HeLa cells gated for GFP. Both RING-CH mutants were unable to downregulate MHC surface
expression. All MARCH-IV deletion constructs reduced MHC-I surface expression except MARCH-IV (89-259) containing the RING-CH and
transmembrane regions only. (C) Immunoprecipitation, followed by immunoblotting with anti-FLAG, reveals the presence of two major protein
bands of ca. 55 kDa (arrows 2 and 3) in cells transfected with both full-length MARCH-1IV and MARCH-IV (1-347), whereas the predicted
full-length protein (arrow 4) is only a minor species. (D) Immunoblot with anti-FLAG reveals the observed MW of the truncated MARCH-IV
proteins. The difference between observed and predicted molecular weight is shown in panel A. Only MARCH-IV (89-259) migrated at the
predicted position.

are <20% identical. A similar relationship is also observed acids in the amino-terminal region are predominant (Fig. 5).
between MARCH-IV and MARCH-IX which are >90% iden- Since both the full-length and truncated version downregulate
tical in their RING-CH domain and transmembrane domain MHC-I (Fig. 6) and since MARCH-IX does not display an
but generally <20% in the remaining sequence (Fig. 6). In amino-terminal extension, it seems that the truncated version
contrast, the RING-CH and transmembrane domains of of MARCH-IV is the functional form with respect to MHC-I
MARCH-II and -III, which differ in their ability to downregu- and CD4 downregulation. Therefore, the truncated form was
late surface molecules, are only about 60% identical. Thus, it used and denoted as MARCH-IV in all other experiments.
seems that the substrate specificities are largely determined by Interestingly, the observed molecular mass of (truncated)
the RING-CH and transmembrane domains. To test this as- MARCH-IV is 55 kDa (Fig. 5), whereas its predicted molec-
sumption, we performed deletion analysis of MARCH-IV. Ex- ular mass is 38 kDa. In contrast, the observed mass of all other
pression of the predicted full-length MARCH-IV yields four MARCH proteins, including MARCH-IX, was as predicted
different protein bands, of which the full-length protein (prod- (Fig. 5 and 6). We deleted the amino-terminal and carboxy-
uct 4) is only a minor fraction. In contrast, protein bands of the terminal domains of MARCH-IV to map substrate-determin-
same size as those observed in a construct that lacks 63 amino ing regions, as well as to determine the region of MARCH-1V
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FIG. 7. Endocytosis and lysosomal degradation of MHC-I by
MARCH-1V and MARCH-IX. (A) Uptake of MHC-I in HeLa cells
transfected with vector control, MARCH-IV or MARCH-IX. At 24 h
posttransfection, MHC-I was stained with antiserum K455 and either
fixed after 30 min at 4°C (top panel) or transferred to 37°C for 2 h
(bottom panel) prior to fixation and staining with Alexafluor 594 anti-
rabbit secondary antibody. (B) Flow cytometry of MHC-1 (W6/32
staining) on MARCH-IV or IX-transfected HeLa cells in the presence
or absence of concanamycin A.

responsible for this shift in apparent molecular mass. MHC-I
downregulation was monitored by fluorescence-activated cell
sorting (FACS) by using nontagged versions of the truncated
proteins, whereas the apparent molecular mass was deter-
mined by immunoblot by using FLAG-tagged constructs.
Truncation of the amino-terminal region preceding the
RING-CH domain or deletion of the carboxy-terminal end
following the transmembrane regions did not abolish the abil-
ity to downregulate MHC-I (Fig. 6). Therefore, it seems that
the amino-terminal or carboxy-terminal regions, including
small stretches conserved between MARCH-IV and MARCH-
IX, are not essential for MHC-I downregulation consistent
with the hypothesis that substrate specificity is determined by
the RING-CH and transmembrane domains. However, a trun-
cated version of MARCH-IV lacking both the amino terminus
and the carboxy terminus was unable to downregulate MHC-I
(Fig. 6). Thus, it seems that at least parts of the nonconserved
regions are required for a functional molecule but not for
substrate specificity. The apparent molecular weight of the
shortest MARCH-IV construct containing only the RING-CH
and transmembrane domains corresponded to the predicted
molecular weight. In contrast, all other constructs that con-
tained the MARCH-IV terminal regions showed an increase in
apparent size. At present, we do not know the nature of this
modification, but we ruled out N-linked glycosylation or ubi-
quitination (data not shown). Additional experiments to iden-
tify this modification are currently under way. Mutations in the
RING-CH domains also established that this domain is essen-
tial for MHC downregulation of MARCH-IV and -IX.
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FIG. 8. Vps4 restores MHC-I surface levels and colocalizes with
MHC-I in HeLa cells transfected with MARCH-IV and MARCH-IX.
(A) HeLa cells were transfected with GFP only or GFP-tagged wild-
type Vps4 or the dominant-negative, ATP-hydolysis-deficient mutant
GFP-Vps4(E228Q) (5), together with vector control MARCH-IV or
MARCH-IX. At 24 h after transfection, cells were stained with W6/32,
and the mean fluorescence of GFP-positive cells was determined. The
ratio of the mean fluorescence of MARCH-transfected versus the
corresponding vector-transfected cells is shown as a percentage. Co-
transfection of GFP-Vps4(E228Q) partially restored MHC-I surface
levels in MARCH-IV- and MARCH-IX-transfected cells compared to
cells that were only transfected with GFP-Vps4(E228Q) and vector.
(B) Uptake and colocalization of MHC-I molecules with GFP-
Vps4(E228Q). Internalization of MHC-I by MARCH-IV and -IX was
monitored as for Fig. 6, except that cells were cotransfected with GFP-
Vps4(E228Q). Punctate staining of Vps4 (right panel, green) is consistent
with its localization to endosomes (5). MHC-I (K455 staining, red, right
panel) remained mostly at the cell surface in cells expressing high levels of
GFP-Vps4(E228Q) (upper left cell in upper panel), whereas MHC-I and
Vps4 colocalized in cells with lower GFP fluorescence, indicating lower
Vps4 levels (cell in the center of upper and lower panel; merged fluores-
cence is shown in the middle column). No colocalization of MHC-I and
Vps4 was observed in the absence of MARCH-IV and -IX, and wild-type
Vps4 stained the cytoplasm (data not shown).

MARCH-IX occurs in two splice variants, one lacking the
RING-CH domain. Forced expression of this RING-CH-de-
leted form does not downregulate MHC-I (Fig. 6). Likewise,
point mutations in the RING-CH domain of MARCH-IV
abolish MHC downregulation (Fig. 6), a finding consistent with
an essential role of the E3 ligase activity for MHC downregu-
lation.
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MHC-I downregulation by MARCH-IV and -IX occurs via
endocytosis. Our data indicate that the MARCH proteins are
not only structurally but also functionally related to the viral
K3 family of immune evasion proteins. Most members of the
viral K3 family reduce expression of their target substrates by
inducing a rapid internalization from the cell surface. The only
known exception is MHV68-K3, which mediates proteasomal
degradation of MHC-I prior to its exit from the ER (6). To
study whether MHC-I was internalized by MARCH-IV and
MARCH-IX, we compared the internalization of MHC-I in
MARCH-IV- or MARCH-IX-transfected and nontransfected
cells. MHC-I on the cell surface of transfectants was labeled by
incubating intact cells with anti-MHC-I antibody at 4°C. The
cells were then either fixed immediately for control or trans-
ferred to 37°C for 2 h to allow uptake of MHC-I. After fixation
and visualization with a secondary antibody, a distinct punctu-
ate staining was observed for MHC-I in MARCH-IV- or
-MARCH-IX-transfected cells after 120 min, a finding consis-
tent with rapid uptake of MHC-I (Fig. 7A). In contrast, uni-
form staining of the cell surface was observed in nontrans-
fected or control cells. These results suggest that MHC-I
travels to the cell surface prior to endocytosis.

A role of the endocytic pathway in the removal of MHC-I
from the cell surface by MARCH-IV and -IX was also sug-
gested by experiments with inhibitors of endosome acidifica-
tion such as concanamycin A. Treatment of MARCH-IV or
-IX with concanamycin A restored MHC-I surface expression
as measured by cytofluorometry (Fig. 7B). These results are
consistent with HLA-A2.1 exiting the ER, being transported to
the cell surface, and then rapidly internalized by endocytosis
and ultimately destroyed, most likely in lysosomes.

The proposed function of this protein family as ubiquitin
ligases implies a role for ubiquitination in the internalization
process. Ubiquitinated cell surface receptors are internalized
and sorted to lysosomes via multivesicular bodies (MVBs), a
process that is regulated by several sequential multiprotein
ESCRT complexes (3). After completion of the MVB sorting,
the AAA-type ATPase Vps4 (for vacuolar protein sorting pro-
tein 4) is required for the dissociation of the ESCRT complex
from the membrane (3). Using an ATPase-deficient, GFP-
tagged form of Vps4 (GFP-Vps4-E228Q), which is dominant
negative (DN) (5), we examined whether the internalization of
MHC-I in MARCH-IV- and MARCH-IX-transfected cells in-
volves MVB formation. Surface expression of MHC-I was
monitored on HelLa cells, cotransfected with MARCH-IV and
either wild type or GFP-Vps4-E228Q. Neither DN nor wild-
type Vps4 changed the surface levels of MHC-I in HeLa cells
in the absence of MARCH-IV or MARCH-IX (data not
shown). In contrast, cotransfection of GFP-Vps4-E228Q with
MARCH-IV or -IX partially restored surface MHC-I expres-
sion, as shown by an increase in the mean fluorescence of
transfected cells (Fig. 8A). In a separate line of experiments,
we studied the subcellular localization of internalized MHC-I
in cells transfected with GFP-Vps4-E228Q. It was shown pre-
viously that GFP-Vps4-E228Q generated and bound to aber-
rant vacuolated endosomes, whereas wild-type Vps4 stained
the cytosol (5). Uptake of MHC-I molecules in MARCH-IV-
and -MARCH-IX-transfected cells was assayed as described
above, except that cells were also cotransfected with GFP-
Vps4-E228Q. MHC-I remained at the cell surface in cells that
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stained brightly for GFP, indicating large amounts of GFP-
Vps4-E228Q (Fig. 8B), a finding consistent with the FACS
analysis. However, MHC-I and GFP-Vps4-E228Q colocalized
in MARCH-IV- and MARCH-IX-transfected cells that ex-
pressed low levels of mutant vps4. We interpret this as evi-
dence that MHC-I is taken up by endocytosis and sorted via
the MVB pathway.

Ubiquitination is essential for MHC-I internalization. To
examine whether MHC-I molecules are ubiquitinated in the
presence of MARCH-IV and -IX, we cotransfected HeLa cells
with a hemagglutinin (HA)-tagged truncated version of HLA-
A2.1, d331 (31), together with MARCH-IV or -IX. For a
control, we also transfected the RING-CH mutants of
MARCH-IV and -IX described above. To slow down MHC-I
turnover, cells were also treated with concanamycin A. Trans-
fectants were labeled for 6 h, and HLA-A2.1 molecules were
immunoprecipitated with antibody-BB7.2 (data not shown).
The immunoprecipitates were denatured in SDS, and 10% of
the sample was reprecipitated with anti-HA. MARCH-IV
transfectants were kept in the presence of small amounts of
tetracycline to reduce MARCH-IV expression levels so that
MHC-I was not efficiently degraded during the 6-h labeling
period. The remaining 90% of the sample was reprecipitated
with ubiquitin-specific antibody P4D1 prior to SDS-polyacryl-
amide gel electrophoresis (Fig. 9A). Due to the high level of
expression of HLA-A2.1, there was some carryover of heavy
chain in the P4D1 immunoprecipitation. In addition, a single
higher-molecular-mass species (~49 kDa) was precipitated by
P4D1 from the concanamycin A-treated cells transfected with
wild-type MARCH-IV and -IX but not with their mutant
forms. The size of this protein band is approximately equiva-
lent to the 50 kDa expected for monoubiquitinated HLA-A2.1
d331 (note that the heavy chain of antibody P4D1 migrates to
a similar position thus slightly displacing the labeled protein).
The observed stabilization of the ubiquitinated intermediate by
concanamycin A is also consistent with our previous observa-
tions in myxomavirus M153R-transfected cells (28). The most
likely targets for ubiquitination on transmembrane glycopro-
teins are lysines in the cytoplasmic tail. To examine the role of
lysines for substrate downregulation by MARCH-IV and
MARCH-IX, we used a panel of constructs derived from
HLA-A2.1 and a lysine-deleted version of CD4 (28). Flow
cytometry revealed that removal of lysines from the tail of
HLA-A2.1 renders these molecules resistant to MARCH-1V
or MARCH-IX downregulation (Fig. 9B). This was also ob-
served for CD4 and MARCH-IV (Fig. 9C). To rule out the
possibility that these mutations changed the target molecules
in such a way that they are no longer recognized by
MARCH-IV or -IX, we introduced a lysine residue into an HA
tag at the carboxy-terminal end of HLA-A2.1. This reintroduc-
tion of a lysine residue into a sequence not related to HLA-
A2.1 restored downregulation both by MARCH proteins. There-
fore, we conclude that lysines in the tail are an absolute
requirement for MHC downmodulation by MARCH-IV and -IX,
suggesting that ubiquitination is essential for internalization.

DISCUSSION

We addressed the question whether MARCH family pro-
teins were functionally related to viral immune evasion pro-
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FIG. 9. Ubiquitination of MHC-I and role of C-terminal lysines for
MHC-I downregulation by MARCH-IV and MARCH-IX. (A) HeLa
cells were transiently transfected with HA-tagged HLA-A2.1 d331 (31)
and MARCH-IV, MARCH-IX, or their respective RING-CH mutants.
MARCH-IX expression was fully induced by removal of tetracycline,
whereas MARCH-IV expression was partially repressed with 5 ng of
tetracycline since high levels of expression were not compatible with the
long labeling protocol. Therefore, there is only a slight reduction of MHC
expression levels in MARCH-IV transfectants compared to MARCH-IX
transfectants. Where indicated, cells were treated with concanamycin A
prior to and during labeling for 6 h. HLA-A2.1 was immunoprecipitated
with BB7.2 and, after denaturation with SDS, reimmunoprecipitated with
ubiquitin-specific antibody P4D1 (90% of the lysate, left panel) or an-
ti-HA antibody (10% of the lysate, right panel). Due to the large amount
of MHC heavy chain in the primary immunoprecipitation, some of it was
carried over in the P4AD1 reimmunoprecipitation. The arrow indicates
ubiquitinated heavy chain. (B) Downregulation of HLA-A2.1 lysine mu-
tants by MARCH-1V and MARCH-IX. Cytoplasmic tails of HLA-A2.1
are schematically depicted on the left (28). The number of lysines in the
A2.1 tail (white) or the HA tag (gray) is shown. Surface expression of the
individual constructs was monitored by flow cytometry with antibody
BB7.2. Transfection with vector (left) MARCH-IV (middle) or
MARCH-IV was tracked by cotransfection of GFP. (C) Surface expres-
sion of wild-type CD4 or CD4 lacking lysines in its cytoplasmic tail in the
presence of MARCH-IV. Mean fluorescence values for GFP-positive
cells are shown in the upper left.
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teins of the K3 family. The overall sequence homology of these
predicted proteins is rather low and limited mostly to the
RING-CH domain (Fig. 1). The primary structure was thus
suggestive but insufficient for us to conclude which of these
proteins were functionally related to the viral immunomoldu-
lators. Using a panel of potential substrates selected as known
substrates of viral K3 family proteins, we observed an efficient
and specific downregulation of various cell surface glycopro-
teins by the cellular homologues. The partially overlapping,
partially distinct substrate specificity observed for the MARCH
proteins is also typical of the viral proteins. The molecular
reason for this specificity is not known, but substrates seem to
interact transiently with the viral proteins (20) and substrate
recognition seems to reside in the transmembrane regions of
the targets (11). Consistently, we observed that sequence cor-
relation in the RING-CH and transmembrane domains corre-
lated with substrate specificity, whereas deletion of the amino-
terminal or carboxy-terminal domains did not affect substrate
downregulation.

Our results also confirm the previously reported downregu-
lation of B7.2 by MARCH-VIII (c-MIR) (16). However, we
observed that MARCH-I, which is homologous to MARCH-
VIII, also efficiently downregulated B7.2 and that both
MARCH-I and VIII also downregulated Fas and Tfr. More-
over, the unrelated MARCH-II also downregulated B7.2. In
contrast to the findings of Goto et al., we did not observe a
preferential expression of MARCH-VIII in lymph nodes.
Rather, MARCH-VIII mRNA was found at low levels in most
tissues examined (Fig. 2). Also different was our observation of
a moderate, but significant downregulation of transfected
HLA-A2.1 by MARCH-VIIL This could be caused by a higher
level of expression achieved in our study with the tetracycline-
inducible system which might facilitate a weak interaction. In
general, however, a pattern emerged whereby MARCH-VIII
and MARCH-I targeted a distinct set of surface glycoproteins
compared to MARCH-IV and -IX. This pattern mimics the
dichotomy of function for the K3 and K5 genes of KSHV.
Although K3 downregulates a broader spectrum of MHC-I
alleles compared to K5 (24), K5 but not K3 also downregulates
B7.2 (10, 23).

The essential, sequence-independent role of lysines in the
cytoplasmic tails of substrates together with ubiquitinated
HLA-A2.1 strongly suggests that ubiquitination is required for
downregulation by the MARCH family. In contrast to the
study by Goto et al., who reported multiple ubiquitination of
B7.2, we observed only a single species of ubiquitinated HLA-
A2.1. This difference could be caused by the fact that B7.2
contains 11 lysines in its cytoplasmic tail (10, 11), whereas the
HA-tagged A2.1 form used in our experiments contained only
two lysines (31). Recently, it was shown that multiply ubiqui-
tinated receptor tyrosine kinases did not contain polyubiquitin
but were monoubiquitinated at multiple sites (18). Thus, it is
possible that B7.2 contains monoubiquitins at multiple sites,
whereas only one of the two lysines is used for ubiquitination
of the HA-tagged version of HLA-A2.1. Notably, only two
ubiquitinated forms of murine MHC-I molecule Db, which
contains three lysines, were found in MHV68-K3 transfected
cells (6). A central role for ubiquitin is further corroborated by
the observed ubiquitin ligase activity of the RING-CH domain
in vitro and by the partial restoration of MHC surface expres-
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sion by GFP-Vps4-E228Q. Very similar observations were re-
ported for both herpesviral and poxviral K3 family proteins,
which were shown to require at least one lysine in the tail (6,
11, 28), and substrate internalization was inhibited by interfer-
ence with the MVB pathway (20, 28). For both KSHV-KS and
MV-M153R, it was also shown that the isolated RING-CH
domain acts as ubiquitin ligase (11, 28). The current model for
the function of the viral proteins is that they transiently interact
with their substrates and mediate the ubiquitination of the
cytosolic tail. Our data, as well as those of Goto et al. (16), are
consistent with the cellular homologues acting in a manner
very similar to that of their viral relatives.

Although MARCH proteins induced the internalization of
glycoproteins at the cell surface, subcellular localization stud-
ies revealed that these proteins all localize to intracellular
membrane compartments. Similarly, all members of the viral
K3 family localize to intracellular membranes, mostly the ER.
It is therefore unclear at what stage of intracellular transport
target glycoproteins become ubiquitinated. It is possible that
ubiquitination occurs en route to the cell surface or target
proteins could be ubiquitinated during recycling. The localiza-
tion of MARCH-IV and -IX in the Golgi and trans-Golgi
network, respectively, is consistent with either possibility.

The MARCH family represents a novel family of ubiquitin
ligases with a noncanonical RING domain for which we
adopted the name RING-CH-domain, as previously proposed
for the SSM4/DOA10 protein (35). A close relationship be-
tween the RING-CH domain and other RING domains is also
suggested by structural predictions, whereas other PHDs are
predicted to fold into structures that are clearly distinct from
the RING domain (2). The RING-CH domain thus expands
the RING-E3 family, already the most abundant E3 family,
with potentially several hundred members (26). In contrast to
the MARCH family, however, most RING-E3s are either cy-
tosolic, nuclear, or peripheral membrane proteins (26). Two
examples for transmembrane RING-E3s that are not MARCH
proteins are Der3/Hrdl1 (7, 14) and p78 (12). These E3s have
all been shown to be involved in the degradation of misfolded
proteins in the ER or ER-associated protein degradation.
MARCH-VI, the human homologue of DOA10/SSM4, is also
likely to be involved in ER-associated protein degradation. In
contrast, MARCH-IV and -IX (the present study) and
MARCH-VIII (16) direct the internalization of their sub-
strates. It seems likely that endocytosis, rather than proteaso-
mal degradation, will also be the mechanism of the other two
transmembrane MARCH proteins, since most of them seem to
locate to the endosomal-lysosomal compartment.

The membrane association of MARCH proteins implies that
their corresponding ubiquitin-conjugating enzymes are also
membrane associated or need to be recruited to the mem-
brane. Indeed, experimental evidence suggests that SSM4/
DOA10, p78, and Der3/Hrd1 cooperate with ubc6 and ubc7 (7,
12, 14, 35). Ubc6 and ubc7 are bound to the ER membrane by
a transmembrane domain and by interacting with another pro-
tein, respectively (4, 33). It is thus likely that MARCH-VI will
interact with the human homologs of ubc6 or ubc7. MARCH
proteins that leave the ER and regulate internalization, how-
ever, are more likely to interact with different E2s in vivo.
Although the E2s interacting with MARCH proteins in vivo
have yet to be identified, our in vitro ubiquitination experi-
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ments suggest that the amino-terminal regions of each
MARCH protein dictate a preference for certain E2s.

At present we can only speculate about the physiological
role of the MARCH proteins. The results obtained with forced
expression of MARCH proteins in our experiments strongly
suggest that several members of this family regulate the deg-
radation of glycoproteins at the cell surface. MARCH-IV and
MARCH-IX could be involved in the internalization of free
heavy chains upon dissociation of peptide and p,-microglobu-
lin. However, gene knockdown of MARCH-IX by small inter-
fering RNA did not affect the turnover of MHC heavy chains
in HeLa cells (data not shown). Alternatively, it might be that
MARCH-IV and -IX have to be upregulated by external stim-
uli before they affect MHC-I turnover, whereas they are in-
volved in the turnover of other cell surface protein at basal
levels. Since we only screened a small number of cell surface
proteins, it is highly likely that MARCH proteins will be in-
volved in the internalization of other, yet-to-be-identified
transmembrane proteins. Many cell surface receptors are in-
ternalized upon engagement with ligands, either soluble or
bound to the surface of neighboring cells (26). The involve-
ment of ubiquitin in these processes is just beginning to emerge
and the regulation of ubiquitination is not known. We there-
fore speculate that MARCH proteins will be involved in reg-
ulating receptor internalization as well as protein turnover.

The functional relationship between MARCH proteins and
the viral K3 protein family suggests that the viral proteins were
derived from their cellular homologues. There is ample prece-
dence for common host-related immunomodulators in both
herpesviral and poxviral genomes (29). These host-derived
proteins, however, often assume a new or modified function,
possibly even acting as inhibitors of their host counterparts.
Whereas in most of these cases the known function of the
host-protein served as a road map to elucidate the function of
the viral protein, the reverse strategy has been used here to
discover the function of a novel eukaryotic protein family.
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